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INTRODUCTION II
As described in Chapter I, one of the

s~clal features of a nuclear e~plosion is the fact
that it is accompanied by the emission of nu-
Cl~~r radIations. These radiaticns CQnsist of
gamma rays, neutrons, beta particles, and a small
proportion of alpha particles. Most of the neu
trons and part of the gamma rays are emitted
during the actual fission or fusion processes (see
paragraphs I-I and 1-2, Chapter I). The re
mainder of the gamma rays are produced in var
ious secondary nuclear processes, including
decay of the fission products. The beta particles
are also emitted as the fission products decay.
Some of the alpha particles result from the nor
mal radioactive decay of the uranium or pluto
nium that does not fission in the weapon, and
others are formed during the fusion reactions

MP. raEJ'3ph 1-2).
As a result of the nature of the phenom

ena associated with a nuclear explosion, it is
convenient to consider the nuclear radiations as
being divided into two categories; initial and
residual. The line of demarcation is somewhat
arbitrarv. but it is generally accepted to be
..::..:.. ..: I minute after the explosion. The initial
nuclear radiations consequently refer to the radi
ations emitted within .1 minute of the explosion_
These radiations are discussed in Section I of
this chapter. The residual radiations are further
subdivided into neutron induced aeti\ity, which
results from neutron activation of the earth be
Iowan air burst, and fallout, which is the deposi
tion of radioactive residues folloWing a surface
or near-surface burst. These latter two fOnDS of
nuclear radiation are discussed in Sections II and
III of this chapter, respectively.

• The ranges of alpha and beta particles
are"'-:t"ort. and they can be neglected in the con
sideration of initial radiation. The beta particles,
however, may be a hazard to personnel if fallout
particles are in contact with the skin for pro
tracted periods of time. Tb,e beta particles
emitted by radioactive debris from high altitude
explosions also may cause intense patches of
ionization in the atmosphere th~t can interfere
with. or disrupt. radio or radar communications
as described in Chapter 8.

•

SECI10N I

INITIAL NUCLEAR
RADIATION II

.. From the standpoint of total energy de
Ii~ the principal sources of initial nuclear
radiation (that delivered within I minute) are
prompt neutrons (those emitt.::d simulta:,eously
with the fission or fusion events), gamma rays
from the decay of fission products, and (in the
cast; of an atmospheric burst) secondary gamma
rays from neutron ;l'lter.!cti.,!,~ with m!dei of
the aU and ground. Sources of lesser importance
from the standpoint of energy delivered are de
layed neutrons emitted by some fISSion prod
ucts, secondary gamma rays from neutron inter
actions with ~Ae materials of the device. and
gamma rays that are emitted simultaneously
with f"lSSion. These latter components normally
may be neglected in predicting total doses or
exposures; however, the gamma components
may be important for electronic comp<'lnents
whose vulnerability is determined by dose rate
rather than total dose.
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·.ese spectra me thcne that 'IW:re UIed in the c:alcula~ (Or
close to pcnoa:lel from~ types U and VOl,~Iy.
as I1IOWD lit Fipzel 5-91broUlb 5-13.

o

t • NEUTRONS II . poses of gener.ilization. Further infonnation

II concerning nuclear weapons as neutron sources
& 1 Neutron Source may be obtained from "Status of Neutron and

As mentioned previously, the neu- Gamma Output from Nuclear Weapons," DASA
trons of interest originate during the fission and 2567 (see bibliography). On the other hand, the
fusion processes. The neutron Source of interest CW'Ves shown in Figures 5-9 through 5-13 that
i~ that which exists at the weapon case, i.e•• the provide the total dose to persor.nel on or neat'
source of interest consists of those neutrons that the surface of the earth were calculated for eight
escape from the exploding weapon. Both the specific sources. It is believed that, with the de-
m:..mber of neutrons "and their.spectrum are alter- scriptions of the eight sources provided in Table
ed during transit through the weapon materials. 5-3, one of the eight sources may be selected
Thus, the source of interest may be quite differ- that will repre~nt a reasonable estimate of the
ent from the source of origin (fission or fusion). total dose to personnel on or near the surface of
The neutron source can be dermed propel"1y the earth for most situations.
only by considering the actual design of a spe- • Table 5-1 shows the spectra for two

-dfic weapon. No average source can be dermed weapons, one pure fission and one thennonu-
that v.ilI represent m~ weapons with any clear, for which calculations are available.•
degree of accuracy. It is beyond the scope of These spectra are also shown in Figure 5-1 and
this manual to describe the output of a sum-._.
cient I'!umbet' of weapon types to present the As mentioned before, the spectra
user with adequate information concerning the own m Table 5-1 should not be construed as
neutron output for any possible specific situa-
tion. The examples that are presented in suc
ceeding paragraphs are truly examples and
should not be taken to be representative for pur-
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Table 5-1.. Weapon Neutron Output Spectra •

Fission Weapon Thermonuclear Weapon
(neutrons/kt) (neutroos{1ct)

Neutron Energy
(MeV)

12.2 -15.0

10.0 -12.2

· - 8.18 -10.0
-... 636 - 8.18
~ 4.06 - 636
:-,

235 - 4.06,
~ I

1.11 - 235

0.11 J - 1.11

'- 0.0033- 0.111·
Total

&-2

7.32 x 102°

1.27 x 1021

3.00 X 1021

8.90 x 1021

2.52 x 1022

3.84 x 1022

2.22 x 1022

997 x 1022

1.62 x 1022

8.53 x 1021

6.os x 1021

5.46 x 1021

6.41 x 1021

1.22 x 1022

2.84 x 1022

6.18 x 1022

1.71 x 1023

3.16 x 1023
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Figure ~1. _ Spectrum for 3 Fission Weapon
(Normalized to 1 let) •
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Figure 5-2. • Spectrum for a Thertftonuclear Weapon
(Normalized to 1 let) •
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The spec araetenstlcs,

however, will vary with weapon design even for
-.;capons with the Same total neutron output per
~~~!on.

to their rest mass energy that their velocities
may be determined from their kinetic energy
by non-relativistic mechanics, i.e.•

I
"2Mv2 = K.E.,

where M is the neutron mass. 1.67 x )()"24 gm, v
is the velocity. em/sec. and K..E. is the kinetic
energy in ergs. Using the relationship

I MeV = 1.6 x 10"6 ergs,

1.38 x Ia- VK£.. (MeV) km/~c.

1.38 x 109 VK£.. (MeV) em/sec.

v =

v=

vJ4 = 1.38 x Ia- V14 = 5.16 x la- kIn/sec,

v4 = 1.38 x 1fJ't V4 = 2.76 x 1a- km/sec,

vJ = 1.38 x 1a- VI = 1.38 x la- kIn/sec.

or

the velocity is related to the kinetic energy in
MeV as follows

Thus the velocities of 14 MeV. 4 MeV, and 1
MeV neutrons are

~2 Exoatmospheric (Vacuum)
Transport •

_ Neutron enVIronments are completeiy
specified by the description of the source and
the distance from the source to the point of
interest if the explosion occurs in a vacuum. If
an explosion occurs .sufficiently high that essen
ti2Ily V"dCUum conditions prevail, it is designated
an exoatrnospheric explosion. Since in any case,
the vacuum will be less than perfect, the distinc
tion between exoatmospheric and endoatmo
spheric explosions will depend on the degree to
which effects vary from those predicted for a
vacuum.

II For perfect vacuum conditions, the neu-
tron Juence is given by .

-I

}

•

..
c·

where No is the total number of n~utronsemit
ted by the weapon and R is the distance in centi
meten;. Under these conditions the spectrum
will remain constant, since no interactions can
take place in a vacuum. However, as a result of
·the energy diff~ces the flux (neutrons cm-2

sec-J ) will be a function of the distance from the
source, ie., the more energetic neutrons will
anive ahead of the less energetic ones. The
energies associated with neutrons produced. by
nuclear explosions are sufficiently low rompared

Expressed in a different manner, the times of
flight will be 19.3, 36.2, and 72.4 ;z sec/km for
the 14 MeV. 4 MeV, and I MeV neutrons, re
spective1y. Thus, although the spectrum will
remain unchanged, the neutrons will arrive at
points several kilometers from the explosion
over periods of tens of microseconds.

~3 Neutron Tmnsport Through
MaterialS.

_ Neutrons undergo three main types of
reactions when traversing matter: elastic scatter-

6-5
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ing; inelastic scattering; and capture. In the elas
tic scattering process. the neutron interacts with
the nucleus of an atom nnd is scattered away
from its original line of flight. If the nucleus is
light (e.g., the proton that constitutes a hydrogen
nucleus)., the neutron may transmit a significant
amount of its energy to the nucleus. and the
~:~~;cJ .ol(.utron will be less energetic than the
incident neutron. If the nucleus is heavy. how
ever, the energy transmitted to the nucleus will
be insignificant, and the neutron will continue
in a new direction with essentially the same
energy as before the collision. In the inelastic
scattering process, the neutron interacts with the
nucleus with tl;1e subsequent emission of a pmma

ray and a neutron with degraded energy. There
. are a variety of capture reactions, most of which
result in the subsequent emission of a charged
particle (generally a proton or alpha particle)
and/or a gamma ray. When the reaction results
solely in the emission of a gamma ray, it is
generally referred to as a radiative capture reac
tion. As a role, the probability for capture reac
tions is small compared to elastic and inelastic
scattering when the neutron energy ~xceeds a
few keV. The nuclei remaining after neutron
capture are frequently radioactive. The fISsion
process described in paragraph 1-1 is a special
case 01 neutron-induced reactions. Neutrons that
do not undergo any of the reactions descn"bed
above will decay into a proton and an electron
with a half life of about 12.8 minutes. The same
is true of neutrons that undergo scattering, if
they do not undergo some other reaction prior
to deca)ing. The probabilities ofthe-various reac-

" tions are such that the decay process is most
important for neutrons traveling upwards from a
relatively high altitude burst. -
..The primary reactions that occur during
~n transport through air are elastic scatter-
in£. inelastic scattering, and capture by nitrogen
nuclei. These latter two reactions provide a.
source of !leCOndary gamma rays that can be
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important in some cases, as will be discussed in

li
b uent paragraphs.

The neutron -:nvironment produced by
nuc ear explosions w3t~ the atmosphere are
much more compu-:ated than those described in
paragraph 5-2 for exoa'_mospheric cases because
of the interactions. :.hat take place with the
atmospheric constituents. Even for a monoener
getic source the interactions described above
alter the total neutron fluence that reaches 2

given range, result in a spectral distribution at
that point, and change th~ time rate and direc
tion of arrival at the point. As a result of scatter
ing, the neutrons may arrive at a given point
from any direction. If the source consists of a
spectrum such as those shown in Figures 5-1 and
5-2, the situation is even more complex. In prac
tice, the calculation of neutron fluences, fluxes,
and spectra at some point distant from an endo
atmospheric nuclear explosion, or for the in
terior of a system that is operating exoatmo
spherically, is performed by complex computer
codes. It is 'beyond the scope of this manual to
provide the means for calculating all of these
quantities or even to provide a description of the
methodology. The latter is contained in Vo11Dlle
m of the "Weapons Radiation Shielding Hand
book," DASA 1892-3 (see bibliography). 'Select
ed examples of the change in fiuence an~ spec
trum will be provided in succeeding pan:graphs
and figures.

_ An extensive set of tabulated results of
computer calculations of neutron fluxes and

. doses is contltined in "Time-Dependent Neutron
and Secondary Gamma-Ray Transport in an Air
Over-Ground Geometry." ORNL-4289, Vol. II,
(see bibliography). These data were used to ob
tain the spectra that would result from the
source spectra shown in Figures 5-1 and 5-2 at
slant ranges of 390. 1,050. and 1,500 meters.
The resulting spectra are shown in Figures 5-3
and 5-4, respectively. Note that the spectra in
Figures 5-3 and 5-4 show 41r (slant rangey x

.
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~-lnc path is die distance in which the ndiation
~-:deaeue4 by a fadar of e, where e is the bac of the
DatDnlIoprithms (abOut 2.718). 1bc length or a mean.free path
depends OD the neutron energy aDd 011 whether only the direct
fhaeDce or die total (dircc:t plus IClInered) flucDce is being
comidc:rcd.

ground interface can increase or decrease the
neutron intensities by as much as an order of
magnitude compared to· intensities at corre
sponding distances in an inimite air medium as a
result of reflections and absorption by the
ground. For source detector separation distances
less than a mean-free path,· localized reflection
from the ground generally tends to increase the
intensity of high energy neutrons; howev~r.

initial nuclear radiation is only of interest i .

very low yields at such short distances ~nce

other weapon effects normally will be dominant.
At longer distances, the high energy neutron
intensity may be reduced by a factor of five or
more compared to inimite air when both the
source and the detector are at the ground sur
face. These effects have been included in the
calculations from which the preceding figures

!JI
e deriVed.

The estimation of neutron environments
arou an endoatmospheric nuclear explosion
for receivers away from the surface of the earth
requires a knowledge of the atmospheric proper
ties along any path that a neutron might traverse
from the weapon to the point of interest. Al
though atmospheric properties can change from
day to day and from place to place, most calcu
lations are based on a standard atmosphere such
as the one described by the National Bureau of
Standards in 1962. The important atmospheric
constituents that affect neutron transport are

Fraction by
Weight

0.7553,

0.2318.

Nitrogen

Oxygen

-fluence. This does not mean that the spectra will
be the same in all directions. The spectra shown
in Figures 5-3 and 54 only apply to low air
bu~ and to targets located on or near the sur
face of the earth. The units for the ordinates in
Figures 5-3 and 54 were chosen to allow a con
venient visual comparison with Figures 5-1 and
5-2, re~ctively. Inspection of Figures 5-1
through 5-4 indicates that the shape of the fis
sion source spectrum is not changed appreciably
Clunng tranSlt through 1,500 meters of air (the
relative abundance of extremely low energy neu
trons, much lower energies than shown in Fig
ures 5-1 through 5-4, will inC"rease, hC'....ever).
The shape of the thermonuclear sp:.ctrum, on
the other hand, does change as the neutrons
penetrate air. The peak that exists at 14 MeV at
the source becomes lower relative to the total,
and the valley between about 8 and 12 MeV at
the source becomes filled in as the higher energy
neutrons are degI4ded to the 8 to 12 MeV range.

•
Fi~ 5-5 and 5-6 show the neutron

uence for a receiver located on or near the sur
face of the earth as a function of slant range for
the source spectra shown in Table 5-1. The
fl..zence is shown for each of the energy intervals
in Table 5-1. The total number fluence for neu
tron energies above 3.3 keV·is -also shown for
each source. Once again th; user is cautioned
that these fluences should not be considered
~nT'P~nbtivp They are presented as illustrative
:::::::;:1C5. Changes in weapon design will change
the source spectrum, and this will modify the
spectrum as well as the total number fluence at
some distance from the explosion. Figures 5-5
and 5-6 also illustrate the large change in the
spectral characteristics of the thermonuclear
spectrum when compared' to the variations in
the fission spectrum with slant range.

_ The preceding paragraphs have provided
~es of neutrol'! f1uences and spectra from

low air bursts for detectors on or near the sur
face of fte ground. The presence of an air-
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•Other minor components of the atmosphere can
he neeJected without serious loss of accuracy.

_ The other principal feature of the·stand
~mosphere is its variation in density with
aitilude. The density, p, falls approximately ex-
ponentially with increasing altitude, as is shown
in Table_ 5-2. Also shown is the quantity C?f air
abov!: a given altitude, h. which is given by the
A1,~ :1.~~t;i.a.Z

q(h) = f- p(h')dh'.
h

Table 5-2 also shows the density nonnalized to

Msea level density, Po'
If two points are at-altitudes hi and h 2

an 3re separated by a horizontal distance, d.
thc::n the slant range R is given by

and the mass integral between them is given by

(U) This expression reduces to

when d =0 and (in the limit) to

q(R) = p(h)R

when hi = h 2 (the coaltitude ca....e).· .
• If the air is characterized by an atomic
density Pi for each important constituent, then

~ lhe ftlue or die mass iDtepaJ as a funetioD of a1ti~c is
IhOwn iD Figure 4-17 for various coaJtihide eparatioD distances.

Table 5-2. 11 The Standard Atmosphere.

Mass Integral Density
Altitude Air Density Above Altitude Normalized

(lcjt) Wcm3 ) Wcm2 ) to Sea Level (PIPo)

0 1.2250 x IIr3 1.0331 x 103 ooסס.1 x 10°

5 1.0556 x IIr3 8.5967 x 102 8.6170 x 10.1

10 9.0477 x 10-' 7.1059 x 102 7.3859 x 10-1

20 6.5312 x 10-' 4.7525 x 102 53316 x 10-1

30 4.5904 x 10-' 3.0749 x 102 3.7473 x 10.1

40 3.0267 x 10-' 1.9305 x 102 2.4708 x 10-1

50 1.8756 x 10-' 1.1973 x 102 1.5311 x 10-1

60 1.1628 x 10-' 7.4292 x 101 9.4919 x. 10.2

70 7.1742 x 10-5 4.6182 :It 101 S.856S :It 10.2

ao 4.4174 x 10-5 2.88SS x 101 3.6060 :It 10.2

.. 90 2.7391 x 10-5 I.81S1 x 101 2.2360 :It 10.2
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•for every centimeter that a i.leutron traverses,
there are Pi atoms of that type within a cross
-sectional area of one cm2 with which :he neu
tron can interact. The probability that any reac
tion (elastic or inelastic scattering"or neutron in
duced reaction) "..m occ:JJ' is given in terms of a
cross section o· n (so called because it has units

I,

of area), which is the probability of a given
inteTaction {r. J taking place with a given type of
atom (il under the condition that one interac
tivrJ per unit area is possible. The probability of
int~raction per centimeter is therefore Il = i?f.
P·o. . Since this is also the probability that' a

1 1,11 .

neutron disappears from the incident beam, the
beam intensity falls by a factor e-Ilx after having
penetrated a distance x into the material. It is
often convenient to express the penetration in
terms of the total amount of material "seen" by
a be2m of neutrons, px, where P is the mass
density of the material. In this case, the mass
attenuatIon coefficient I( =pIp is used. Thus, in
the endoatmospheric case, the neutron fluence
at a point depends not only on the spherical
divergence described in paragraph S-~ for the
exoatmospheric case but also on exponential
attenuation, so that

N e-lf.pR
I{J = 0 n/cm2 ,

4",R2

.......n;.- I< is the radial distance from the source in
centimeters and No is the total number of neu-
trons emitted. "
• It is frequently convenient to replace the
quanuty pR by the mass integrcl q(R) described
above, so that the equation for fluence becomes

nus procedure is known as macos integral scaling.
Notice that q will be different for different di-

rections ofR l.:~~ess the atmosphere is essentiaily
-.:niform, so that contours of constant fluence
usually are not spherically symmetric about the
burst point, although they usually are cylindri
cally symmetric about a vertical axis unless
asymmetries are introduced by the weapon.

.. The expressions given above, however,
~represent the component that reaches the
point directly from the source. Scattered neu
trons also reach the point from other directions.
The result is that the fluence at that point is
larger by a buildup factor B. The magnitude of B
depends on the distance from the source, the
energy spectrum of the neutrons, md the prop
erties of the scattering material in complex
ways. The flux of neutrons (neutrons/cm2-sec)
is altered as a result of the fact that scattered
neutrons travel iOA1ger paths and neutrons of any
given energy will arrive at the point over a tinite
ti:ne span even after undergoing only elastic
scatterings. This alteration of the flux with dis
tance is in addition to the alterations resulting
from differen~s in time of flight of different
energy neutrons discussed for exoatmospheric
transport in paragraph 5-2, and further altera
tions will result from Llle changes in the spectral
distribution during endoatmospheric transport.
Moreover, the value of the mass attenuation c0

efficient " varies with neutron energy so that
even the direct fiuence must be calculated by
weighting monoenergc:ti.:; cal~tion:> by Ihc:
spectral distribution. For a given penetration dis
tance, this weighting process can be replaced by
using an effective re, but the value of the effec
tive " will change with distance as a result of
spectral changes.

_ In practice, the most accurate method
f~culatingneutron fluenoes uses computer
'codes with accurate neutron cross-section for
each energy group and each scattering or interac
tion process. This techni!!ue is alsc essential for
following neutrons out of me direct fluence as
well as for calculating the flln. It is beyond the

6-13
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.• It is unfortunate that the source energy
intervals used in the Monte Carlo calculations

to the vacuum fjuenc.~ calculated for the given
energy spectrum as de:.:cribed in paragraph 5-2.
Examples of such calculations are provided

II No simple analytic expression gives the
buH -up factor, but Figure 5-7 shows the build
up L'1 neutMn fluences for various monoener
getic neutron sourCes. The curves in Figure 5-7
are based on Monte Carlo transport calculations
in uniform air. Use of the curves in Figure 5-7
will provide reasonably accurate results up to
burst altitude of about 60 kilofeet. The build-up
factors in Figure 5-7 may be used wi..h some
what less confidenee up to burst altitudes of 85
kilofeet. The effe!=t5 of a non-uniform atrn~

sphere become significant above 85 kilofeet. and
computer calculations shoald be made for each
burst altitude and spectrum of interest for burst
altitudes between 85 and 200 kilofeet. It is
beyond the scope of this manual to provide neu
tron environments for bursts in this altitude
regime. For bursts above about 200 kilofeet, the
vacuum calculations described in paragraph 5-2
may be used. Note thai: the build-up factors in
Figure 5-7 are given as fractions of the vacuu:n
flue.nee.
.. The source energy intervals used in the
~Carlo calculations from which the curves
in Figure 5-7 were derived are shown below:

I
:I

I
•
II

•ow

I

t
;

t

•
..

scope of this manual to provide methods for cal
culating all of these quantities. Moreov~, the
vuln=rability criteria of electronic components
and systems to neutrons that are given in See
tion VII of Chapter 9 and in Section IV of
Chapter 14 are given in terms of fiuence (>10
keV f"lSSion). While these vulnerability criteria
imply a knowledge of the spectrum. the calcula
ton of tile spectrum at the point of interest for
any situation would require more information
concerning source spectra than is provided
herein. Therefore, the following discussion will
be limited to the calC"l.1lation of total number
fluence for low altitude (deep) endoatmospheric
bursts. It should be noted that the calculations
of the curves shown in Figures 5-3 through 5-6

. .did make use of the results of computer calcula
tions, and these curves are aCcur2te re~resenta

tions of the spectra shown in Table 5-1 at vari
ous distances from an explosion. They are, how
ever.limited to low air bursts and receivers on or
near the surface. Likewise, the calculations of
neutron dose presented in a later subsection are

!led on computer code transport calculations.
Low altitude (deep) endoatmospheric

exp osions are the next simplest case - after
vacuum detonati"ns - because the Sir 'density is
sufficiently high that most of the attenuation
nroM,,..;: rlncp to the burst point. Therefore, there
are no large variations ira density to affect criti
cally the computation of fluences. In particular,
the density of air through which t~e scattered
neutrons reach a given point does not differ
greatly from that through which the direct neu
trons penetrate. AlthOilgh whether or not alti
tudes are low (e:cplosioDS are deep) depends on
the energ)" spectrum of the weapon, if deep
endoatmospheric conditions do prevail, the neu
tron fluence can be approximated by mass inte
gral sc:a.!inb. The total quantity of air (the mass
int~graI) between the source and the point of
; ..1'.._" ;c: ("tl""puted as described above, and
then the appropriate buildup factors are applied

~14

Nominal Source
Energy
(MeV)

14.1
10.0
75
4.0
1.3
05
0.1
0.03

Source Energy
Interval
(MeV)

125 -16.0
9.0 -12.5
6.0 - 9.0
3.0 - 6.0
0.7 - 3.0
03 - 0.7
0.09- 03
0.01- 0.09
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Assume that the neutron number Ducnce coaIti
tude at a distaBce of one mDe from a 1 Mt
explosion of such a weapon at a burst altitude of
60.000 feet is desired. The distance in centi
meters is .

1 (mile) x 1.609 x lOS cm/mDe

= 1.609 x lOS CJD.

The vacuum fluence• .pi' for each of the mono
energetic neutron sources. Noi ' is

111... Hoi N oi
.pj =--, = ~ 2 = 11 •

4r.R. 4r.(1.609 x hr) 3.25 x 10

Vacuum
F1uence
(n/cm2 )

3.78 x 1013

9.22 x 1012

1.17 x 1013
4.18 x 1013
131 x 1014

5.29 x 1013

8.42 x 1013

253 x 1014

6.22 X 1014

Build-Up Factor
(fraction of

Yllcuum fiuence)

2.0
2.0
1.75
1.9
35
5.0
5.6
5.2

14.1
10.0
75
4.0
13
0.5
0.1
0.03

Totzl

14.1
10.0
7.5
4.0
13
05
0.1
0.03

Nominal Source
EneIgY
(MeV)

NomiDal SoUlce
EneIgY
,(MeV)

q(R) = p(h)R.

q(R) = (1.1628 x 10"")(1.609 x lOS),

q(R) = 18.7 gm/cm2 •

From Table 5-2. the ambient air density at 60
Iciloieet is 1.1628 x 10"" grn/cm3 • The mass
integral at a coaltitude distance of one mile is

From Figure 5-7. the build-up factors corre
sponding to traversal of 18.7 gmlCJD2 are

e.g.. for the 14.1 nominal source energy, the
vacuum fluence is

= (1.23 X 1()22 n/kt) OQ3 ktIMt)
IPl4.1 3.25 x 1011

.p14.1 = 3.78 X 1013 n/cm2 •

In the same manner, the vacuum fluences for
remaining source energies are detennined to be

Neutrons
perlct

1.23 x 1022
3.00 x 1021
3.80 x 1021
136 x loU
4.25 x 1022
1.72 ~ (022
2.74 X 1022
8.24 x loU

2.02 X 1023

14.1
10.0
75
4.0
13
05
0.1
0.03

101al

differ from those shown in Table 5-1. However.
many different source energy intervals will be
fou."1d in reported weapon speetta. Most of the
report~d spectra will contain a unifonn distribu
tion (neutrons per MeV) within art energy band;
however. some will contain an uneven d~Du
tion for'the lower energies. e.g., l/energy for
enellties below 0.1 M~V. In any case. it generally
will be possihIe to di,' :'~ ',; the spectrum into ener
gy groups that correspond roughly to those used
in the preparation of Figure 5-7. Intetpolation
between the curves in Figure 5-7 shonld not be
attempted; the spectral intervals should be ad
justed to use the curves.

•
As an example of the use of Figure 5-7.

nSl er a hypothetical weapon with the foUow
'-ing spectrum:

Nominal SuUlce
Energy
(MeV)

,..

i

I~

I

I
I
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~ dlat haft the _ atomic lIImIbcr aDd the _
uomic weilht may difl'er ill _ property or their num; tbae
iIotopel an: CI1Ie4 iIomen. Tbe IUICIear propeny by wbidI
iIomtn may difl'er may be the tYPe or particle emitted, the
haJ(-life or CSlaIY of me :o-ticIe or the precDce or abseDce or
radioxtiYity. HcIe the iIlterat is ill thote OW emit pmma laYs.
c:ithc:r with or without acccmpaDyq partialJate emissions. The
pmma may ~ emitted by lIUdei of weapon materials 'hat haft
limply baeD DDed tc.> eDCBY states abo-.e their IIODD81I1ate aDd
IebIm to tbeir pollD4 Die by emittiDI ODe or mon: pII1DlII

D)'L

cedure for determining the neutron fluence in
air is in the determination of q(R) to enter Fig
ure 5-7. The appropriate value may be deter
mined by the equations given previously to
gether with the tabulated values in Table 5-2.
Examples of the calculation of q(R) for other
than ccaititude cases are given in Problems 4-5
and 4-6, Chapter 4, which deal with mass inte
gral scaling of X-rays. The same procedures for
determining q(R) apply to mass integral scaling
of neutron fluence5.

_ GAMMA RAYS.

5-4 Gamma Ray Sources •

• As mentioned in the intraductol) para
graph to this section. there are several sources
for the gamma rays that contribute to the initial
nuclear radiation (that radiation delivered within
1 minute) from a nuclear explosion. These
sources include the gamma rays that are released
essentially simultaneously with the fISSion pro
cess, gamma rays resulting from non-fission
interactions with weapon materials, gamma ray
resulting from inelastic scattering of neutrons by
atoms of the air -(paragraph 5-3), gamma rays
resulting from isomeric decays of weapon ma
terials,· gamma rays resulting from neutron
capture in nitrogen, and finally, gamma rays
emitted during the decay of the fission pJ'()(luct5.
Figure 5-8 provide~ 2.!! i!!ust:'3tion ~f the ti~~

dependence of these vari011.i sources of gamma
rays in terms of energy released per unit time

" ..

7.56 x 1013

1.84 x 1013

2.os x 1013

794 x 1013

4.59 x 1014

2.64 X 1014

4.72 X 1014

].32 x ]OIS

2.71 x lOIS

2.71 X 1015
= 4.36

6.22 x 1014

14.1
10.0
7.5
4.0
1.3
0.5
0.1
0.03

Total

-, _.;L.::"

NomiDal Source
Energy
(MeV)

oJ! .....-l

in the number of fluence for the expIosion at
60,000 feet comparerl to the same distance from
;:•.; :.a..i.....~ explosion in a vacuum. Note that the
only meaningful fluence in air is the total num
~r of fluences. Fluences shown fo~ each nom
iilal lIOurce energy represent number fluence
resulting from that source energy, but any given
source energy fluence would contain a spectrum
of energies at the receiver. No information con
cerning the spectrum at the receiver can be
obtained by the mass integral scaling demon-
strated above. •

•
If the point of interest is at an altitude

. Qiffers from that of the burst. but is still
below 85 kilofeet, the only ctange in the pro-

Thus. 2..71 X 101 S neutrons/cm2 are incident at
a point coaltitude at a distance of 1 mile from a
1 Mt explosion of the hypothetical weapon de
scribed above burst at '60,000 feet. The corre
sponding vacuum fluence at the same distance
would have been 6.22 x 1014 neutrons/cm2 •

Thus, there is a factor of

~.

....

~. - L" • ..,..JIe-.:--':" ....._~ _.. ~-

c

~-::-,;:.
~l

'!Io-- ~-c· ..•
.The Deunon fluences in air are obtained by
.multiplying the !3CUUJD fluences by the build-up
·f:u::oJS:

. I

.L·_

J
.i
1
t

--;,
i
;.-

..

t

I

,

I
i



..·,.

I
•
~

-t
-t-,
.j

• t: t

•per 1."1 from a large yield weapon. The dotted
curves in Figure S-8 show the source as it would
exist in a vacuum. ie., the gammas resulting
from inelastic scattering and neutron capture in
the air would not be present under vacuum con
ditions. .Not shown in Figure 5-8, but of po
tential importance for receivers near the surface
..:, :1.,;. ;;;.. j;. il. the vicinity of a low air burst are
gammas that result from neutron interactions
with the ground. It is convenient to divide the
initial gamma radiation into two componc:.nts:
prompt gamma rays that result from the fission
process and some neutron interactions with
weapon materials, and are generally emitted
within 1 to 2 .shakes;· and delayed gamma radia
tion which originates from !he sources described

..-abcve subsequent to the prompt gamma ray
emission and up to I minute after burst.

&5 Prompt Gamma Rays •

_ Prompt fission gamma rays are released
essentially simultaneously with the iJSSion pro
cess and thus their source rate behavior is deter
mined by the rate profile of fission events in the
weapon. These gamma rays escape before the
detonation has appreciably defontred -the weap
~case or perturbed the atmosphere. The ener
gy": distribution of the fission gamma rays has
0I;C1l wv~ugaLeliusing small samples of fission
able material; however, extrapolation of the
small sample information to a weapon source
involves considerable uncertainty because of the
requirements to define the fission rate profile
and to evaluate the attenuation provided by

ilt
ea on materials as a function of time.

Another source of very early gamma
rays t ccntributes to the prompt pulse results
from the non-fission interaction of neutrons
with weapon materials:t These two sources com
bine to form a pulse of extremely short dura
DOn. Although the total amount of radiation
given OIl Qunng this period is small relative to
the total. :he peak rate of the pulse is extremely

5-18

high. In some cases, such as for high altitude
systems, the high ionization rate produced by
this pulse may be the damage mechanism
extending to the greatest range from the explo
sion. At low altitudes, the peak rate is attenu
ated rapidly, as a result of gamma ray absorption
and scattering out of~e time region of the peak

The prompt gamma environment is
very sensitive to weapon design and to weapon
yield. Moreover, comparison of theory and ex
periment for specific weapons is poor. Most cal
culations and experiments agree that the prompt
gamma yield ranges between 0.1 and 0.3 percent
of the total yield. The prompt gamma energy
output rate may be expressed as

.... = 2.6 x IQ2S fW M VI
"*"TP T e sec,

where f is the fraction of the weapon energy
emitted as prompt gamma, W is the weapon
yield in kt, and T is the emission time (2.6 x
IQ2s is the energy equivalent of I kt in MeV;
see paragraph 1-1). Using the limits quoted
above for f and T would lead to

(2.6 x lQ2S)(10"3)<;41 (MeV/sec/kt)
2 x 10-8 TP

<; (2.6 x IQ2S)(3 x 10"3)

10-8

1.3 x 1(}30 '" 4»w (MeV/su/kt) <. 7.8 x 1()30.

-IAlbake is 10-8 1CCODds•

A-:_ rays from dIeIe iDtaactioas may continue to times
~PItme=: of 10 micro_ck, but their DOI1tn"bution is p.
c:raDy small compced to other lOurc:a after ODe or two Ihakes
bcycmd the time ofpelt pmma emiIIiOIl.
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4l')'P = (W)-o.29 x 1<>31 MeV/sec/kt,

_ Gamma rays interact with malter in
three ways. The rust is called the Compton ef
fect. In this type of interaction, a gamma ray
(primary photon) collides with an electron, and
its energy is transferred to the electron. A sec
ondary photon, with less energy, is created and
departs in a direction at an angle to the direction
of motion of the primary photon. The second
type of interaction of gamma rays with matter is
the photoelectric effect. A gamma ray with ener
gy somewhat greater than the binding energy of
an electron in an atom, transfers all its energy to
the electron, which is consequently ejected from
the atom. Since the photon involved in the
photoelectric effect transfers all of its energy, it
ceases to exist and is said to be absorbed. The
third type of interaction is pair production.
When a gamma ray photon with energy in excess
of 1.02 MeV passes near the nucleus of a!1 atom,
the photon may be converted into matter with
the formation of a pair of electrons, equally but
oppositely charged. The positive electron soon
annihilates with a negative electron to fonn two
photons, each having an energy of at least 0.51
MeV. In some cases, if the interaction takes
place near the nucleus of a heavy atom, only one
photon of about 1.02 MeV energy may be
created. Figure 6-1, Chapter 6, illustrates the

i!
rocesses qualitatively.
Any photon (e.g., an X-ray or a gamma

ray can produce ionization in a material by
these processes of creating secondary electrons
that deposit their kinetic energy by ionizing the
medium in which they are created. The relative
importance or frequency with which each pro
cess occurs depends upon the photon energy and
the characteristics of the material. The Compton
process is the dominant ionization mechanism
for most gamma rays of interest, particularly in
electronic materials such as silicon, of which
~solid~te devices are fabricated.
~ The spectra of the prompt gamma raj's
are sensitive to weapon design and yield, just as

where It' is the yield in kilotons, and R is the
slant range i., centimeters. These expressions are
equivalent to

41 = 8.57 x IQ20W M V/ • 2/_ e em _sec, and
or Rl

m .:; .A ~;:;""J:I M V/ 2/
"IP = e em sec,

411'R2

However, results of calculations and experiments
indicate that the peak gamma energy output rate
is more likely to lie between 5 x 1029 MeV/sec/
let and I x IcP· MeV/sec/kt. As mentioned
previously, the peak gamma energy output rate
depends on yield and on ° weapon design. The
yield dependence shows a rough correlation as
follows

fIJ')'P = 4.28 x 2
1OJ9

W MeV/em'l/sec,
R,

where Rr is the slant range in kilofeet.

at least between about 2 kt and 10 Mt. However,
this does not account for the variation with
weapon design, which might introduce differ
ences on the order of plus or minus a factor of
3. Therefore, rather than use the yield depen
dent expression given above-, it is recommended

. that the upper and lower limits given above be
used for defensive and offensive estimates of the
peak gamma energy output rate, respectively.
Since no interactions take place in a vacuum, the
peak prompt gamma exposure for exoatmo
spheric conditions should lie between
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•the gamma energy output rate is. It is beyond general guide to vulnerability, the approxima-
the scope of this manual to provide spectral tiII'onis c sidered to be adequate.
information concerning sufficient samples of As an example of the use of the dose
weapons spectra to be of general use (some such veI'Slon, consider a system with essentially no

Ion = 5 X loti rads (SO/sec.
2 x 1()9

In view of the lack of spectral data
that has been provided, the prompt gamma ener-

E-21

D = 2 x 1()22 = 1013 rads (SO/sec, and
7P 2 x 10'

= (8.57 x 1()20)(100)
4»1P (2)2

=::: 2 x 1()22 MeV/cm2 /sec,

~ = 8.57 x I()20W
1P 2 •Rr

~ = (4.28 x lot9 )(loo)
1P (2)2

s:=:: 1 x Ion MeV/c:m2 /sec.

Thus the peak dose rate is expected to lie "be
tween

and the minimum energy flux is expected to be

shielding for gamma rays that is operating exo
atmospherically and that is 2,000 feet from a
100 kt explosion. It is desired to determine the
peak gamma dose rate to a silicon transistor
within the system. From the equations given
previously, the maximum peak gamma energy
flux incident on the system is expected to be

samples are provided in "Status of Neutron and
Gamma Output from Nuclear Weapons (U),"
DASA 2567 (see bibliography». Moreover, with
the wide range of prompt gamma output energy
rates provided above, precise spectral data would
he of little use. However, most of the prompt
gmur.a rays lie in the energy range between 0.2
and 2 MeV, and in this energy range the
Compton fractional energy ioss is relatively con
stanL As mentioned above, the Compton pro
cess is the dominant energy transfer process for
most electronic materials of interest (atomic
number less than 20). These facts lead to a
simplifiCation in the relations between the inci
dent prompt gamma energy fluence or energy
flux and the energy absorbed by the material.
_ The unit of the absorbed energy, or
dose, IS the I'3d. One rad is the absorption of 100
ergs per gram of material being irradiated. Thus,
the rad is independent of the type of radiation
(e.g., gamma rays, neutrons, X-rays), but the
material absorbing the radiation must be speci
fied (e.g., rad (SO, rad (Ge), rad (tissue». How
ever, in view of the simplification mentioned
above, in the case of prompt gamma rays and
materials with atomic numbers less tr.an 20, a
..:......t-:.. "';'Hversion is possible, i.e.,

I rad = 2 x 10' MeV/cm2 , or

1 rad/sec = 2 x 10' MeV/cin2 /sec.

These are, of course, approximations. However,
in view of the approximate nature of the prompt
gamma energy flux that has been provided, and
in view of the fact that effects of the prompt
gamma dose ratcs OD electronics given in Section
VD of Chapter 9 and Section 4 of Chapter 14
are Dot provided for system deSign or for spe
.r.ifk ~stem vulnerability analyses but only as a
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clear interaction accounts for the early (l0"7 < t
< JO-s sec) appearance of the secondary gamma
components. The number of inelastic-scattering
gamma rays relative to the total depends directly
on the relative abundance of high~nergy neu
trons. The fraction of the total may be negligible
in fission warhead~ or in large thennonuclear
warheads. As the fusion yield fraction is
increased the importance of the inelastic compo
nent will increase.

- Any determination of the intensity of
~c-scatteringgamma rays must rely pri

marily upon analysis because of the difficulty in
distinguishing the source of the different gaInDll'.

rays measured in field tests. The first step in the
analysis is that of neutron transport calculations.
The local source strength of inelastic gamma
rays is an energy dependent response to the local
fluence of neutrons. Once the source intensity
resulting from neutron interactions in air and
ground is kno\\n, a gamma ray transport calcula
tion must be perfonned to obtain the intensity
at points of interest.

_ The energy spectrum of the gamma rays
~d in elastic scattering depends on the ener
gy of the neutrons and the energy level structure
of the nuclei with which the neutrons interact.
However, the inelastic gamma rays are generally
high in energy and, consequently, take OD added
significance when the target is behind a shield
such as in a hardened military installation. Even
though only a few percent of the gamma radia
tion incident on the shield results from inelastic

.scattering, it may be the S01D'ce that is responsi
ble for the maximum rate experienced by
equipment inside the shielded installation since
prompt gamma rays are attenuated more rapidly
by shielding materials than the inelastic scatter
ed gamma rays. Thus, where hardened instaIla-

. tions are concerned, the inelastic gamma rays
should be evaluated even in cases where they do
not constitute a large. fraction of the total free
field exposure. Methods· -for calculating the

>.

&-22

5 x l()29W -2 2It = e-<2.8 x 10 )pR MeV/em /sec
')II 42rR 2 '

1()31 W -2
ell = e-<2.8 x 10 )pR MeV/cm2 /sec, and

')II 42rR2

•m' flux for endoatmaspheric can only be deter-
mined by use of an effective mass attenuation
coeffiCIent (see the discussion of neutron trans
port :n paragraph 5-3). A reasonable effective
mass attenuation coefficient for prompt gammas
is about 2.8 x 10.2 CJD2/gm. Combining this
with the exoatmospheric equations given pre
wiousl}', !he direct peak prompt gamma ray ener
~.. ii...... IUd~ he estimated to lie between

. __ where II! is the yield in kt, p is the density in
gm/cm3 , and R is the range in centimeters. As in
the case for neutrons, the quantity pR may be
replaced by the mass integral q(R). The mass
integral may be detennined from the equations
given in paragraph 5-3 and the data tabulated in
Table 5-2.

•
The prompt gamma dose may be

ooun ed by multiplying the minimmn and maxi
mum dose rates by 1 and 2 shakes;Tespectively.

5-6 Air-Ground Secondary
__nsttn!""l8 R3Ys •
..Potentially important sources of second
ary gamma rays result from the inelastic scatter
ing of high~nergy neutrons by the nuclei of the
air and ground, and the capture of thermal neu
trons by the nitrogen- l 4 in the air and by van
o~ elements in the ground. The relative impor-

t lance of the inelastic and captare gamma rays
depends strongly upon the neutron spectrum of
the source"
...Most of these gamma rays are produced
~ neutro:l source where the neutron flu
coce is highest. The short neutron flight time to
£ilc •~o.~ vf most intense interaction, and the

• __ practir@y in~taneous character of the nu-: ..- ::.; _......a-..... __-~ ..
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tiSsue dose from secondary gamma rays are pro
vided in the following subsection.

5-7 FissioniiodUct Gamma
. Rays

•
Gamma rays produced by the decay of

ISSlon products following a fission detonation
are an important source of radiation during the
initial radiation time regime (the lust minute
following the explosion). The intensity of fission
product gamma rays reaching a location of inter
est is affected by the complex source and media
dynamics consisting of the formation and evolu
tion of the 11Ieball, the cloud expansion and rise,
and the decay of the fission products with time.
TIle fission products disperse throughout the
cloud with the passage of time and the shape of
the c10ua may vary from spherical to toroidal as
the materials fonning the cloud rise through the

•

t here.
The fonnation of the 11Ieball and the

expansion and rise of the cloud depends upon
weapon yield, weapon design, atmospheric con
ditions, and other parameters. The distribution
of fission products in the cloud as a function of
time is not well known, and, consequently, the
attenuation of flssion-product gamma rays with
in the cloud can only be appmximated.

~Atmosphericperturbation caused by
~ge of the shock front also has a pro

••__.....~ ..:r,,~t on the transport of fission-,
product gamma rays. The distribution of energy
from a low altitude conventional IIssion weapon
is such that roughly SO percent of the energy is
released in the fonn .of blast and shock. The
actual percentage depends on the weapon design
and yield and on the nature of the surrounding
environment (see Section I, Chapter 2). The per
centage decreases for neutron enhanced

•

ea ons.
The sudden release of energy in the fonn

a .ast and shock produces an immediate in
crease in temperature and pressure thus produc-

ing hot, compressed gases from the weapon ma
terial. A pressure wave is initiated in the SUT

rounding medium (paragraphs 1-4 through 1-6,
"1-8, and Section I, Chapter 2). The character
istics of a shock wave is that there is a sudden
increase of pressure at the front with a gradual
decrease behind it. A severe change in the den
sity of tile heated air behind the shock front is
associated with the pressure change. The large
:eduction in the air density, or optical depth,
between the rising source and the receiver pro
duces an enhancement of gamma ray intensities
from hydrodynamic effects that is known as
&lhycL-odynamic enhancement." These effects
may last fOT several minutes and may extend to
large cJjsA.ances from the explosion.. The intensity
and duration of hydrodynamic effects are yield

Me ent.
At early times when the shock front is

ocated between the cloud and the receiver, the
gamma ray intensity may increase because of the
geometric displacement of the air. After the
blast wave has passed the receiver, the gamma
ray intensity is enhanced as a result of the re
duced air density. This hydrodynamic enhance
ment becomes increasingly more inlportant with
higher weapon yields. For high yield weapons
(in the megaton range), hydrodynamic enhance
ment can increase the IIssion-product gamma ray
intensity by several orders of magnitude, with
the result that fission product gamma rays can
become the most important of all initial radia
tion sources.
~ With minimal hydrodynamic enhance
~ as in the case of very low-yield weapons,
the intensity of fission product gamma rays
reaching a given point may be of approximately
the same magnitude as that resulting from the
secondary gamma ray sources. However, the
average energy of the fission product gamma
rays is considerably less than that of the second
ary gamma rays, and the angle distribution of
the fission product gamma rays is diffused by

(
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Ee de¥dopmeD1 or this model is explaiDed iD -Improved
for Predic1iD& Nuclear Weapon lnitiaI Radiation Environ

ments M.- DASA 2615 (1eC bibliolnPhy).
t.ATR, .:udl1Zands for Atmospheric Rldiation Trmsport
b1lia:y. may be uad 10 obtain exact IIDSWUS 10 problems iDvotv
iDe radiation transport ill the atmospheze 1ri1hout the necessity
of maI::iD& specific transport a1cuJationL ATR is documented iD
DNA 28031, ....odels of Radiation TraDJpon ill Air - the ATR
Code- (1eC bibliopaphy). lbe Code iUelfmay be obtaiDed from
the Radiation SlUcldiDI Information Cella (RS1C>, Oak Ridae,
T_.

the rise of the cloud. Each of these factors tends 5-S, one rad is the absorption of 100 ergs per
to reduce the penetrating power of iISSion prod- gram of material being irradiated. Thus. the rad
uct gamma rays relative to secondary gamma is independent of the type of radiation, but the
r2)'S. material absorbing the radiation must ::.e sped-
_ A reasonably accurate calculation of the fied. The curves provided in this subsection pro-
tI'ansport of fission product gamma rays must vide a methodology for determining the dose in
consider suet. time-dependent parameters as rads (tissue) for the various components of :he
:!:n~ ~~~. ~::!~!-:'e decay, and hydrodynamic initial nuclear radiation. The: I'CSP~:lS::: of pcr;;cn
enha"'lcement. The curves presented in the fol- nel, as a function of absorbed dose, is given in
lowing subsection that show tissue dose from Section III of Chapter 10.
fission product gamma rays were constructect by......In view of the strong dependen~ of
the use of such a model.· ~on and secondary gamma ray environ

ments on weapon design, no one representative
weapon could be chosen to provide a basis for
calculating dose to humans. The iISSion product
dose is relatively independent of design specifics,
but it is strongly dependent on tota] yield ano
the ratio of fission yield to total yield. Conse
quently, eight different weapons, for which case
output data were available, were selected to per
form the basic calculations from which the
curves presented below were developed. It is be
lieved that these eight weapons provide a S"oJffi

ciently wide spectrum of designs that one of the
eight will represent a given weapon of interest in
a reasonable manner. The eight weapons are de
saibed in Table 5-3.

&8 Initial Neutron DO:iC" :

- Figures 5-9 through 5-11 provide all of
~ormationnecessary to calculate the con
tribution of neutrons to the initial nuclear radia
tion dose from each of the weapon types listed

INITIAL RADIATION DOSE
TO PERSONNEL •

._ The preceding paragraphs have described
~mplexity of the calculations of the source
and en~ironments produced by the initial nu
clear radiations. Simplified, but reasonably ac
curate, methods have been developed to predict
the dose to personnel located on or near the
surfac;e of the earth. These methods are describ
ed in the succeeding paragraphs and figures, and
ilIustr.1tions of their use are provided in four
problems.t . _
.-. Various units have been used to descn"be
~diation dose to personnel. One of the earli
E"~ _ nril'inal1v used to descn"be X-ray environ
ments, is the roentgen, which is deimed in temls
of ionization produced in air. In view of the long
history of the roentgen, various attempts have
been mai:le to develop units that described the
response of living creatures or physical objects in
terms of "roentgen equivalent" units. None of
these was completeiy satisfactory since they de
pended strongly on the type and energy of the
radiation, and their relationship to an exposure
r'".3SU.-ed in roentgens was not always descrip
tive of the response of the target. Since the re
sponse of a target to radiation generally can be
....1~~.." t,.. th..~n~ 2bsorbed. the rad has come
into general use for the description of dose to
any target. As previously deimed in paragraph

•

,

,
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Table 5-3. .e~ntativeTypes of Nuclear Weapons _

Type Description Representative Yield Range

Subkiloton Fission

Pure Fission Implosion
Large (physicaDy) Boosted Fission

SmaD (physically) Boosted Fission

Enhanced Neutron Weapon

Gun-Assembly Fission Weapon

Therrnonuclea:r Weapon

Tbennonuclea:r Weapon

11

t

o

I

11

W

IV
V

VI

VU
VW

•in Table 5-3. Problem 5-1 describes the use of
these fig'..II'CS to obtain the neutron dose.

&9 Air·Ground Secondary Gamma
Ray Dose ~.

_ Figures 5-1~ugh 5-13 provide all of
~ormationnecessaIY to calculate the con

tribution of air-ground secondary gamma rays to
the initial nuclear radiation dose from each of
:he weapon· types listed in Table 5-3. Problem
5-2 describes the use of these figures to obtain
the air-gro:.md seccindaJy ~alaY dose.

& 10 Fission Product Gamma
Ray Dose_

ib==l::igures 5-14 through 5-17 provide all of

the information necessary to calculate the con
tribution of fission product gamma rays to the
initial nuclear radiation dose. Problem 5-3 de
scribes the procedures for obtaining the fission
product dose from these figures. Note the cau
tion given in Problem 5-3 concerning interpola
tion between the hydrodynamic enhancement
curves.

5-11 Total Dose. .
_ The total initial radiation dose is simply
the sum of the contributions of the neutrons,
the secondary gamma rays, and the fission prod
uct gamma rays. Problem 54 illustrates the cal
culation of total initial radiation dose.

(
:
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Problem ~1. Calculation of Neutron Radiation Dose

•

I
t
1
,

-;

..TIle spectrum and intensity of neutron
ndiation deper.ds strongly upon the details of
design of a nuclear weapon; however, it is pos
SIDle to o~Wn neu1:!'On dose to personnel from a
"'~:"'!! ...f ;'lte~s! with reasonable accuracy if it
is "siml1ar" to one for which detailed calcula
tions have been made. Eight ""representative"
types of weapons, listed in Table 5-3, provide
the basis for such calculations within the foOow
ing constraints:

• The weapon of interest !!lust be simllar to
one of the representative types.

• The range of interest must lie between 400
and 5.000 yards.

• The detonation takes place in the "lower
atmosphere," and

• The target is located on or near the surlace
of the earth.

• Within the constraints listed above, Fig
ures 5-9 tluough 5-11 provide the information
necessary to obtain the dose to personnel io
cated on or near the surface of the.:earth. If the
air density is Po = 1.225 X 10-3 gm!cm3 • the
neutron dose is

where

DN is the total neutron dose (rads (tissue».

R is the slant range (yards)

FN is the value taken from Figure 5-9a'or b
or from Figure 5-IOa or b for the most
re~resentativeweapon type (yards2 radsl
kt). .

W is the weapon yield (kt), and

HI is ..he detonation height correction fac
tor trom liigure 5-11 (dimensionless).

6-26

.. If the air density differs from Po' Fig
ures 5-9 or 5-10 are entered with a scaled range
Rp which is given by

where p is the relative air density. V~ues of
p/po are given in Table 5-2. and with smaller
altit'.Jde increments in Table 2-1. Chapter 2. If
the values of p/po are different at the burst and
the receiver. the a....erage value should be used for
p. Note that R. not R , is still used in the de
~ator of the eli{ion given above for DN •
_ Example] :

Given: A 30 kt surface burst of a weapon
similar to type N in air of average relative den
sity p=1.0.

Fmd: The neutron dose delivered to a sur
face target 1,500 yards from the burst.

So/ution: From Figure 5-9a, FN = 8.5 x
1()6 yards2 rad (tissue)/kt for a type IV weapon
at ) ,500 yards.

Answer: The neutron dose delivered to a
surface target 1.500 yards from a 30 kt surface
burst of a type IV weapon is:

= (30)(8.5 x 106 )( 1.0)DN 0,500)2

DN = I 13 rads (tissue),

• EX/l7TIpie 2 _.
Given: A 500 kt burst at Co "It of 100

yards of a weapon similar to type .•1 in air of
average relative density p = 0.9.

Find: The neutron dose deliverid to a tar
get near the surface 2,000 yards from the burst.

o

i•
i
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- Solution: The scaled range Rp- =
(0.9)(2,000) = I ,800 yards. From Figure 5-] Oa,
FN =].6 x ]06 yards2 rads (tissue)/kt for a type
VII weapon at 1,800 yards. From.Figure 5-11,
HI =2.07 for type VII at 100 yards HOB.

An..-wer: The neutron dose delivered to a
target near the surface 2,000 yards from a type
VII weapon at 100 yards HOB is:

(500)(1.6 x 1()6)(2.07)
D~~ = -'-----'....;....---""'-----

(2,000)2

.
"

DN = 414 rads (tissue).

• Reliability. For weapons closely similar

to one \)f the eight representative types, the pre

dicted neutron doSt: is estimated to be correct

within ±25 percent.

• Related Material. See paragraphs 5-]
through 5-3. See also Table~ 5-2 and 5-3.

5-27
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Problem 5-2. Calculation of Secondary Gamma Ray Dose

• Secondary gamma rays are those that
result from neutron interactions, primarily with
nitrogen in the air, as described in paragraph 5-6.
Since the neutron output is strongly dependent
upon details of weapon design, the secondary
gamma "y output also depends upon weapon
design: however, it is possible to obtain the sec
ondary gamma ray dose to personnel from a
weapon of interest if it is "similar" to one-for
which detailed calculations have been made.
Eight "'representative" types of weapons, listed
in" Table 5-3, provide the basis for such calcula
tions within the following constraints:

• The weapon of interest must be similar to
one of the representative types,

• The range of interest must lie between 400
and 5,000 yards,

• The detonation takes place in the "lower
atmosphere," and

• The target is located on or near the surface
of the earth.

_ Within the constraints liste'!. above, Fig
ures 5-11 through. 5-13 provide the information
necessary to obtain the secondary gamma dose
tn ~nn"..l In~tpct on or near the surface of
~~: ::~!- !l" ~~~ ::T density is Po =1.225 x 10-3

gm/crn3 , the secondary gamma dose is
•

..

where

D-ys

R

F"'r.

5-28

Dys

is the secondary gamma" ray dose (rads
(tissl.:e)),

is the slant range (Yards),

is the value taken from Figure 5-12a or b
or from Figure 5-13a or b for the most
~present3tiveweapon type (yards2 rads!
kt),

W is the weapon yield (kt), and

H l is the detonation height correction fac
tor from Figure 5-11 (dimensionless).

- If the air density differs from Po' Fig
~12 or 5-13 are entereti with a scaled range
R p .

R - P R - -0p - _ - pr>..
Po

where if is the relative air density. Values of
plpo are given in Table 5-2, and with smaller
altitude increments in Table 2-1, Chapter 2. If
the values of p!po are different at the burst and
the receiver, the average value should be used for
P: Note that R. not Rp • is still used in the de
nominator of the e~n given above for D.,s.

• Example 1 __
"Given: A 15 kt explosion at a height of 150

yards of a weapon similar to weapon type VI, in
air of average relative density p = 1.0.

Find: The secpndary gamma ray dose de
livered to personnel on the surface 1,500 yards
from the burst.

Solution: From Figure 5-13a, F.,s =3.7 x
1rf> yar(fsl rads (tissue)!kt for a type VI weapon
at 1,500 yards. From Figure 5-11, HI =:L03 for
a type VI weapon burst at 150 yards.

Answer: The secondary gamma ray dose
delivered to a surface target 1,500 yards from a
15 kt burst of weapon type VI at 1SO yards
HOB is:

= (l5)(3.7 xla' )(2.03)
D-rs

0,500)2

Dys = 50 rads (tissue)

_ Example2 __
Given: A 0.08 kt burst at a height of 20

.. /. .
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-yards of a weapon similar to type I in average air
density ofP= 0.9.

Fznd: The secondary gamma ray dose de
livered to personnel on the surface 500 yards
from the burst.

Solution: From Figure 5-12a, F.,s = 1.6 x
lOS yar~ rads/kt for a type I weapon at 500
yards. From Figure 5-11, HI = 1.52 for a type I
.:;::.Jp"£1 burst at 20 yards.

Answer: The secondary gamma ray dose
delivered to a target near the surface 500 yards
from a 0.08 kt burst of a type I .weapon at 20
yards HOB is

,
r

D = (0.08)(1.6 X 108 )0.52)
P (500)2

Dp = 78 rads (tissue).

• ReIillbiliry. For weapons closely similar
to one of the eight representative types, the pre
dicted secondary gamma ray dose is estimated to
be correct to within ±25 percent for slant ranges
up to 1,500 yards. At longer ranges, the p~

dieted values might be high although 2 precise
~te cannot be made.
.. Related Material. See paragraph 5-6. See
also Tables 5-2 and 5-3.

"
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.. Problem 5-3. Calculation of Fission Product Gamma Ray Dose
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_ Figures 5-14 through 5-17 provide the
infonnation necessary to calculate the fission
product contribution to the :'aitial nuclear radia
tion dose to personnel on or near the surface of
!~t' ("~~r Figures 5-14a through c provide the
nominal dose per kt fission yield as a function of
slant range for several relative air densities. The
gamma dose as a function of slant range depends
on cloud rise, which depends on weapon yield.
The effects of cloud rise on exposure for a given
Yield depends on the burst height, and, to a
slight extent. on the ambient air density. Anal
ysis of the interdependence of these parameters

.-has shovin that reasonable accuracy can be re
tained by the use of two independent burst
height adjustment factors. one associated with
slant range. as shown in Figure 5-15, and the
otl;.er associated with weapon yield, as shown in
Figure 5-16. Figures 5-17a through e show
hydrodynamic enhancement factors as a func
tion of slant range for selected yields and several
air densities. In using Figures 5-17a through e.
DO attempt should be !Dade to perform a visual
interpolation of the hydrodynamic enhancement
factor between yields that are shown. Rather, a
r._. _.' ~.~ :..,±";:;jynamic enhancement factor
as a function of yield should be made at the
slant range a."ld relative air density of interest,
and the hydrodynamic enhancement factor
should be obtained from this plot for the desired
yield.

_ The tissue dose from fission product
gamma rays is Cibtained as follows:

where

D.. •.. t~~ fission product gamma ray dose at
" slant range R (rads (tissue».

We is the fission yield (kt),

F.,r is the value taken from Figures 5-14a
through c (rads (tissue)/kt).

HR is the range" dependent burst height ad
justment factor from Figure 5-15
(dimensionless),

Hw is the yield dependent burst height ad
justment factor from Figure 5-16
(dimensionless), and

E is the hydrodynamic enhancement factor
from Figures 5-17a through e (dimen
sionless).

_ Note that fission yield is used in the
equation given above for fISsion product gamma
ray dose; however. total yield is used to enter

ill" 5-16 and F~.5-17a through e.
EX/lmple J

Given: A SO kt pure fission weapon burst
at a height of 100 yards in air of relative air
density 1i= 0.8.

Fmd: The fISsion product gamma ray dose
to personnel on the ground at a slant range of
2,000 yards from the burst.

Solution: From Figure 5-14a, F7.f = 1.5
rads (tissue)/kt for p= 0.8 at 2,000 yaros. From
Figure 5-15, HR =0.94 for a height of burst of
100 yards and a slant" range of 2,000 yards.
From Figure 5-16. Hw =0.71 for SO kt total
yield at a height of burst of 100 yards. From
Figure 5-17d <p =0.8), E =6 for a SO kt total
yield at 2.000 yards.

Answer:

D-rr =,(50)(1.5)(0.94)(0.71)(6),

D.,r = 300 rads (tissue).

_ Example2.
Given: A 200 kt, I: I fission/fusion ratio

I
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•(i.e., 1/2 fission, 1/2 fusion) surface burst in air
of average relative density p= 1.1.

Find: The fIssion product gamma ray dose
delivered to a target near the ground 1,000 yards
from the burst.

Solution: The fission yield W, = 0/2)(200)
= 100 kt for a 1: 1 fission/fusion ratio. From
Figure 5-14a, F." = 17 rads (tissue)/kt for p =
~.~ .at. 1,000 yards. From Figure 5-15, HR =
u.~.. lor a surface burst at 1,000 yards range.
Frum Figure 5-16, Hw = 0.63 for a surface burst
at 200 kt total yield. From Figure 5-17a, E :0:: 24
fOT 200 kt total yield at 1,000 yards (the best
interpolation scheme for this figure is to make a
plot on linear paper of E vs W at a constant R.
and draw a smooth curve through the points).

Answer: The ilSSion product gamma ray
dose delivered to a target near the ground 1,000
yards from a 200 kt 0: 1 fission/fusion) surface
burst in air of average relative density 1.1 is:

,

"

D.,r = (00)(17)(0.94)(0.63)(24)

D.,r = 2.4 x ICC rads (tissue).

• Reliability. For submegaton yields the
radiation dose predicted by equation 5.4 will be
within 15 percent of the values calculated b: he
most sophisticated methods. The vari3tiOns ••,ay
approach 40 percent for megaton yields a'
ranges less than 1,000 yards; however, these art
generally not i:lteresting combinations. The tota
gamma ray dose predicted by the methods illu~

trated in Problems 5-2 and 5-3 when added t...
gether generally agrees with weapons tP.st data
within 50 percent and seldom disagrees by more
than a factor of 2.

_ Related Material. See paragraph 5-7. See
~ble5-2.
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Problem 6-4. calculation of Total Initial Radiation Dose

, •i
~
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~

_ The total initial radiation dose ~ay be
determined by calculating the neutron dose. the
secondary gamma ray dose. and the f"lSSion prod
uct gamma ray d~ separately. as described in
r"u::':.:••iS .5-1. 5-:. and 5-3 and summing the in
dividuai results.
_Example.

Given: A 10 Mt burst. 2:3 f"lSSion/fusion
ratio (i.e.• 2/5 f"lSSion. 3/5 fusion). of a weapon
.similar to type VIII at a height of 2.000 yards in
air of average relative density lJ= 0.8.

Find: The total radiation dose de1ivered to
a target near the surface at.8 slant range of 4.000
yards from the burst.

Solution: F~r the neutron dose. the scaled
range is Rp = (0.8)(4.000) = 3.200 yards. From
Figure 5-)Ob. FN = 5 x 1Q3 Yards2 rads (tis
sue)!kt for type VlII at 3.200 yards. From Fig
ure 5-11.H1 =2.16 for type VIII over 200 yards
HOB. For the secondary gamma ray dose, the
same scaled range and height correction factors
apply. From Figu..~ 5-13b. F =5 x 104 yards2-ys .
rads (tissue)!kt for type VIII at 3,200 yards. For
the fission product gamma ray dose. the f"lSSion
yield is Wf = (2/5)(10,000) = 4,000 kt for a 2:3
tissionlfusion ratio. From Figure 5-14b, F r =
1.3 x 10"3 rads (tissue)!kt for ii =0.8 at 4?000
yards. From Figure 5-15. HR, = 0.62 for a 2,000
yard HOB and a slant range of 4,000 yards.
From Figure 5-16. Hw = 0.24 for a 2,000 yard
HOB and a total yield of 10 Mt. From Figure
5-17d, E = 4.1 x 1Q3 for 10.Mt total yield at
4,000 yards.

Answer:

WFNH 1
DN = R 2

6-32

D - (10.oooX5 x I03X2.16)
N (4,000)2

DN :: 6.8 rads (tissue)

D = (lO,oooXS x 104 X2.l6)
'}S (4.000)2

D'}S =68 rads (tissue)

D-yr = 3,170 rads (tissue)

Total Dose = 6.8 + 68 +3,170 = 3,245 rads (tissue).

• Reliability. See problems 5-1. 5-2, and
5-3 for reliability statements for the individual
components of the total dose. There are no cor
roborating data; however. it is estimated that the
total dose prediction would fall within ±25 per
cent of the true value, except for megaton yield
weapons at slant ranges less than 1,000 yards,
where the error is likely to be ±SO percent.

•
Related Material. See paragraphs S-S

ough 5-7. See also Tables 5-2 and 5-3.
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SECI'ION n
.NEUTRON-INDUCED ACI'IVITY

IN SOIlS •

• As mentioned in paragraph 5-3, the neu
trons eJ:Ditted during a nuclear explosion under
go three main types of reactions when traversing
~;:t:c.; ~~:.ic ~ttcring; inelastic scattering;
a;".j ";;. .. ~;c... c;.pt-..re. There are a variety of cap
ture reactions, most of which result in the subse
quent emission of a charged particle (generally a
proton or alpha particle) and/or a gamma ray.
When the reaction results solely in the emission
of a gamma ray, it is generally referred to as
radiative capture. As a role, the probability for
Clpturc reactions is small compared to elastic
and inelastic scattering when the neutron energy

- exceeds a few keV. The nuclei rem2ining after
neutron capture are frequently radioactive, gen
erall)· emitting a beta particle, a gamma ray(s),
or both. The extent of the hazarrl to personnel
that results from ndioactivity induced in the
soil by neutrons from a nuclear explosion is
described in this section.

&-12 Heieht of Burst • :-

• The residual radioactive contamination
(fallout) that results from IlSSion products that
are GlSUlDured subsequent to a contact $1Jrface
or subsurlace burst (Section III of this 'Chapter)
is much greater than the radioactive contamina
tion that results from the neutron activity dis
cussed in this section. Thus, the neutron-induced
activity may be neglected for contact surface
and su!>surface bursts.· If a weapon is burst at
such a height as to be in the transition zone as
far as fallout is concerned, the neutron-induced
activity generally can be neglected if the burst
heif.ht is in the lower tbree-quarlers of the fall
out transition' zone, ie., if the burst is below
about 7SWO·3S feet (see Section ill). If the
height of burst is in the upper quarter of the
transition zone (between about 7SWO·3S feet

and lOOWO·3S feet), the neutron-induced activ
ity may not be negligible compared to fallout.
When fallout dose rate contours determined by
the methods described in Section III are much
smaller than those for a surface burst, the
neutron-induced activity should be obtained by
the methods describ:d below. The overall con
tour values may be obtained by summing the
dose rate values for induced activity and fallout
at a particular time; however, as will be shown in
succeeding paragraphs of this chapter, the radio
activity from fallout and that from neutron
induced activity decay at different rates. There
fore. the dose rate from each source must be.
determined separately for each time of interest,
or the total doses over some period of time must
be determined separately, and then the appropri
ate summing may be performed.
_ For burst heights that are sufficiently
~e various forms of attenuation described
in parograph 5-3 will result in a neutron fluence
at the SUlface of the earth that is too small to
produce significant induced activity. Since the
neutron-induced gamma radiation depends on
soil type as well as weapon type and yield, a
height of burst above which neutron-induced
activity will cease to be important cannot be
def'med. In genen1, however, this effect will
only be important for low air bursts Gust above
the height of burst at which fallout ceases to be
important).

&13 Soil Types_

• The type, intensity. and energy distribu-
. tion or the induced activity produced by the

neutrons will depend on which isotop~ are pro
duced and in what quantity. These factors de
pend on the number and energy distribution of
the incident neutrons and the chemical composi-

~iDduce4 adMty CDDttibutioD may. boweva". USIIIDe
more impodance it' PIowIhare IJPe lIudeu deYices De ad8!!:ec!
Cor miIituy ..-:.

o
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(f- " ~•-. lion of the soil. Induced contamination contours

• are independent of wind, except for some wind
I ledistribution of the surface contaminant. The

contours can be expected to be roughly circular.
_. .. Examination of several thousand anal-

yses of the chemica) composition of soils and
the relative probabilities of neutron capture- by
the various elements present in the various

.l
- -. samples has indicated that sodium, manganese,

ItUU aluminum generally will contribute most of

I
the induced radioactivity. Small changes in the
quantities of these materials can change the
activity significantly. Other elements can also
influence the radioactivity. Some elements have
a relatively high probability for capturing neu-
trons (cross section), but the isotope that is
formed after the capture either is not radio-
active, does not emit gamma rays, or has such a
long half life that the low activity does not pnr
duce a hazardous dose rate. The presence of
such elements in the soil will tend to lower the

e h2zard from neutron-induced activity.
a .... ' ~ As described in paragraph 5-3, scattering

o n utrons from light elements may cause the
neutron to transmit a sigrJficant amount of its
enexgy to the nucleus, and the scattered neutron
will be less enexgetic than the.incident neutron.
Since the probability of neutron capture gen-
erally increases as the neutron energy decreases
em particular, this is true for sodium, manga-
nese, and aluminum), the presence of light ele-
ments in the soil will tend to cause a larger num-
ber of neutrons to be captured near the surface
rather than at some depth (the peak intensity
from neutron activated radionuclides generally is
two to three inches below the surface). Thus, it
might be expected that the presence of light ele-,.
ments might increase the hazard from neutron-
induced activity by raising the primary gamma
ny source to a level Dearer the surface, where

,
attenuation of the earth above the source would

. "- be l~ A study of many soil samples indicates
that the light element that is most likely to

~ -- " !j.... ._~ .~ .

cause such an effect is hydrogen that might be
present in moisture (water) in the soil.* Thus, it
might be expected that soil saturated with water
might be more hazardous from neutron-induced
activity than the same soil when dry. How~er,
competing effects occur because the hydrogen
absorbs neutrons to form nonradioactive deute
rium. These neutrons otherwise could produce
gamma ray emitters. Experiments have con
firmed that moisture content does increase the
hazard from neutron-induced activity; however,
this effect does not appear to beofmajor impor
tance in view of the uncertainties in soil com
position and variations in posslDle weapon neu
~utputs.

:.. Four soils have been chosen to illustrate
the extent of the hazard that may be expected
froo induced activity. These soils were selected
to show wide variations in predicted dose rates;
the activity from most other soils should fall
within the range of activities presented for these
soils. Tab~e 5-4 shows the chemica) composition
of the selected soils. The elements listed in Table
5-4 are in the· order of probable importance so
far as induced activity is concerned.
• When applying the data presented in this
section to soils other than the four types shown,
the activity should be estimated by using the
data for the type that most closely resembles the
soil in question in chemical compositio:t. If none
of the four types resembles the soil in question
very closely. the fonowing points should be kept
in mind. For times less than H + 1/2 hour, alu
minum is the most important contributor. Be
tween H + 1/2 hour and H + 5 hours, manganese
is generally the most important element. In the

~Hydrol=. bc:iDI thc 1ilh1CSt cIcmcIIt. will !law many mcnc
ato s~ DDit wohune for thc IIUIIC pcrccn. CODClCIltratioa by

weight. It b ~ the most dl'ccme element in rcduc:iag the
CZM:IIY or the _troD.liDee its aacleus (a proton) has caentWly
tbc __ as • DeUtroD ad eDe:IY umsrer by elasac c:oUi-

IliaD is WIlY dI'~.

. C~
~I .-
~ t _ .. ~-~-_ ..
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T.ble 6-4. II OIemiCllI Composition of Illustrative Soils II

Percentage of Soil Type (by weight)
•

Element

SodIum

Manganese

All.Iminum

Iron

Silicon

TItanium

.. Calcium

Potassium

Hydrogen

Boron

Nitrogen

Sulfur

Magnesium

Chromium

Phosphorous

C:ubon

uxygcn

Type I
(Liberia,
Africa)

0.008

7J?9

3.75

33.10

0.39

0.08

0.39

0.065

0.07

0.05

0.008

3J?7

50.33

Type II
(Nevada
desert)

1.30

0.04

6.90

2.20

32.00

0.27

2.40

2.70

0.70

0.03

0.60

0.04

50J?2

Type III
(lava, clay,

Hawaii)

0.16

2.94

18.79

10.64

10.23

1.26

0.45

0.88

0.94

0.26

0.26

0.34

0.04

0.13

9.36

43.32

Type IV
(beach, sand,

Pensacola,
Florida)

0.001

0.006

0.005

46.65

0.004

0.001

0.001

53.332

o

..

•absence of manganese, the sodium content will
probably govern the activity for this period. Be
tween H +5 hours and H + 10 hours. sodium and
manganese content are both important. Aftex· H
+ 10 hours, sodium will generally be the only
large contributor. If the sodium. manganese. and
aluminum contents are low, the neutron-induced
activity generally will be low. Soil type IV is an
example of such a soil. Using these guidelines, it
!!l~' ~ ;''::'!Sible to obtain better data for a given
soil by using data for a different illustrative soil

at each of several times of interest. A word of
caution is in order, however. While the content
of sodium and aluminum will generally be rela
tively constant over fairly large areas, manganese
generally is a trace element and the content may
vary by an order of magnitude over a few hun
dred yards. Between H + J/2 hour and H + 5
hours. the dose rate will vary almost directly in
proportion to the magnitudt> of the variation in
manganese contenL In view of the uncertainty
in the soil composition at any location under
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•operational conditions, and the possibility of
variations in composition over short distances,
the dat2 presented herein should only be used
for rough estimates and should not be used as
the basis for operational planning.

& 14 Dose Rate and Dole
Predictions •

_ As described in paragraph 5-1, both the
~eclrum and the total number of neutrons
emitted during a nuclear explosion are sensitive
functions of weapon design. Thus, no "repre
sentative" weapon was used for the prediction
of neutron-induced activity, and, in view of the
other uncertainties discussed above, presentation
of prediction techniques for several weapon de
signs is not warranted. Figure 5-18 shows a
broad band that indicates the variation of
neutron-induced gamma activity as a flL"'Iction of
slant range from the explosion. It is believed
that the activity ;produced by most weapons will

, 
~

I II.

faIl within the band.· Dose rates at H + I hour
after burst may be obtained by multiplying th~

dose rates from Figure 5-18 by the multiplying
factors given in Problem 5-5.
• Figure 5-19 represents the radioactive
decay characteristics of the four soil types
shown in Table 5-4. The decay factors taker
from Figure 5-19 are multiplied by the H + I
hour dose rate for a particular soil to give: ':Ie
dose rate for that soil at any other time.
.. Figures 5-20 through 5-23 are presentee
to facilitate the computation of total dose
Multiplying factors may be obtained from thesl
figures, which, when applied to. the H + I ho'
dose rate for the particular soil, will give the
d:>se accumulated ove any of several periods of
time for various times of entry into the contami
nated area.

~d CODIiden the ~relmtative types of nuclear
weapons shOWD in Table 5-3 with the exception of Type V.

5-55



.. ...

Problem SOS. Calculation of Neutron-Induced Activity
lit ~ Hour After Explosion

• Figure 5-18 shows a range of nonnalized
neutron-induced dose rates as a function of slant
rang~ from a 1 kt explosion. To estimate the H
+1 lint',. etn~ !?fP: enter the slant range axis with
the ~ant range in yards and read the range of
nonnalized dose rates. Multiply these dose rates
b)' the appropriate factor for the soil type of
interest from the following list.

tween 0.8 rad/hI/kt and 1.8 rads/hr/kt. The cor
responding dose rates at a slant range of 996
yards are 1.6 x 10"2 rad/hI/kt and 5 A 10"2 rad/
hr/kt. The multiplying factor fo!' scil tYpe III is
109.

Answer: The H + I hour dose rates at
ground zero should be between

50 x 109 x 0.8 = 4,360 rads/hr,

_ SCilling. For yields other than 1 kt, mul
tiply :he dose rates obtained from Figure 5-19

•

e weapon yielin kt.
Example • _

iven: A 50 t explosion 'at a height of
burst of 900 feet above soil type Ill.

Fi"d~ The nnee of H + 1 hour dose rates
~.:.: ~: b: ::xpected: at ground zrm> and at a
ground distance of 950 yards from ground zero.

Solution: The c:orresponding slant ranges
are 300 yards to ground zero and 996 yards to a
point at a ground distance of 950 yards from
ground zero. From Figure 5-18, the nonnalized
H + 1 hour dose rate at a sllnt range of 300
yards from ground zero are expected to be be-

JI

Soil Type

1

II

III

IV

Multiplying
Factor

1.0

9.1

109.0

0.024

and

50 x 109 x La = 9,800 rads/hr.

The H + 1 hour dose rates at a ground distance
uf 950 yards nom ground zero should be
between

50 x 109 x 1.6 x 10"2 = 87 rads/hI,

and

so x 109 x 5 x 10"2 = 272 rads/hr.

II R~liabiJity. H + 1 hour dose rates are
expected to fall within the limits of the band
shown in Figure 5-19 for the specific soils
shown. For other soils, even with small varia
tions in the content of sodium and manganese,
the data merely will furnish an estimate of the
m.·tude of the hazard.

Related Material. See paragraphs 5-1
through 5-3, and paragraphs 5-12 through 5-14.

,
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Problem 5-6. C81culBtion of Neutron-Induced Gamma
Activity lit Tim. Ode 111.. H + 1 Hour

..
;
i
I
:1

I

..
,

I

f
•

• The dose rate at any time after burst
may be determined by multiplying the H + 1
hour dose rate by the decay factor appropriate
to the Soil of interest from Figure 5-19. The
I'\~~~' M.:TVe!' 1r.;:Iy also be used to determine the
value of the dose rate at H + I hour from the
dose rate at a later time. In this case, the mea
sured dose rate is divided by the appropriate
decay factor. The dose rate at any other time
then may be determined from the H + I hour
-dose rate.
... Examplel.·
~iven: The dose rate at a given point on
soil type I is 30 rads/hr at H + I hour.

Find: The dose rate at that point at H +
1/2 hour and at H + 10 hour.

Solution: From Figure 5-19, the decay fac
tors for soil type I for 1/2 hour and 10 hours are
3 and 0.083, respectively.

Answer: The dose rate at 1/2 houris:

30 x 3 :: 90 rads/1¥ -

and the dose rate at 10 hours is

:;~ A. 0.083 = 2.5 rads/hr.

• Example 2 _
Given: The measured dose rate at a point

.. -. ~ ":..-
~ -.. -,.'

6-68

over type II soil is 375 rads/hr 3 hours after the
explosion.

Find: The dose rate at the same point 50
hours after the explosion.

S!)lunon: From Figure 5-19, the decay fac
tors for soil type II are 0.75 and 0.06 for times
of H + 3 and H + 50 hours, respectively. The H +
1 hour dose rate at the point is

375
0.75 = 500 rads/hr.

Answer: The H + 50 hours dose rate at the
point is

(500)(0.06) = 30 rads/hr.

.. Reliability. The cur!es of Figure 5-19
a..-e estimated to represent lite decay of the soil
compositions shown in Table 5-4 to within ±10
percent; however, small changes in the chemical
composition of the soil, particularly in the con
tent of sodium, manganese, and aluminum. may
change the decay characteristics drastically.
Uncertainties associated with the prediction of
H + I hour dose rates will affect the prediction
of dose rates at a..1Y other time.

_ Related MateriaL See paragraphs 5-13
an?!!14. See also Problem 5-5.

.~ ...-
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.. Problem &7. Calculation of Total Dose from
Neutron-Induced Activity
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_ Figures 5-20 through 5-23 provide the
means to obtain the total dose received when
entering an area contaminated with neutron
~!l~'IC'?d :',:"t:".t:,' ~r.d remaining for a specified
i!1,cl-"a; uf time. The various curves represent
times that an individual remains in the con
taminated area. To detennine the dose, obtain
the multiplying factor from the vertical axis. that
corresponds to the time of entIy on the hori
zontzl axis and the stay time from the appropri-
~rve (or by inte!J)olation between curves).
.. Example. -

.. _ Given: A dose rate of 105 rads/hr was mea-
sured or: entering a contaminated area of soil
type III 5 hours after an air burst nuclear
explosion.

Find: The total dose that would be re
ceived by an indi..idual who remained in that
area for I hour.

Solution: From Figure 5-19, the decay iac
tor for soil type III at H + 5 hours !s Q..35. The 1

5-60

. . .
. ~ .

hour dose rate is therefore

105
0.35 = 300 rads/hr:

Figure 5-22 is the appropriate figure from which
the dose multiplying factor should be obtained
for soil type 111. From this figure, the intersec
tion of the line for a time of entry of 5 hours
after burst with the 1 hour stay time curve gives
a factor of 0.32.

Answer: If the individual remains in the
area for 1 hour, the accumulat~ddose will be

(0.32)(300) = 96 rads.

.. Reliability. Figures 5-20 through 5-23
are L"'Itegrals of the curves in Figure 5-19. The
same reliability statement given in Problem 5-6

a.es.
Related Material. See paragraphs 5-13

and 5-14. See alsc Problems 5-5 and 5-6.
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SEcTION m
RESIDUAL RADIATION.

_ Residual radiation is that radiation that
is emitted later than one minute after the explo
sion. The sources and characteristics of th!s radi
ation vary depending on the extent to which
fIssion and fusion reactions contribute to the
energy of the weapon. Residual radiation from a
IlSSion weapon "arises mainly from f'lSSion prod
;;.:~.:; ;:..~~, tc a lesser extent, from radioactive
isotopes formed by neutron reactions in weapon
materials and from uranium and/or plutonium
that have escaped f'lSSion. Other sources of resid-

. ual radiation hazarG are the activity induced by
neut..-ons that interact with various elements
present in the earth, sea, air, or other substances
in the e~plosion environment. The most impor
tant of these sources is the neutron-induced
activity in soils that is discussed in Section n of
this chapter. The radioactivity from a thermo
nuclear weapon will not contain the same quan
tity of fIssion products that are associated wit..~ a
pure fIssion weapon of the same yield; however
the la.-ge number of high energy neutrons will
produce laIger quantities of neutron-induced
activity in weapon components and the sur
roundmgc;. The total radioactivity from such a
weapon will, however, gencmilly be less than
from a pure f'lSSior. weapon of the same yield.

iiii FALLOUT __

_ The main hazard of residual radiation
results from the creation of fallout particles that
incorporate the radioactive weapon residues and
the induced activity in the soil, water, and other
mate:rials in the ~cinityof tPe explosion that are
sucked up from the earth's surface into the ris
ing IJ.Ieball. The wind disperses these particles
over large areas. Another hazard may arise from
neutron-induced activity on tbe earth's surface
in the immediate neighborhood of the bum

point. Both the absolute and relative contribu
tions oi the f'lSSion product and induced radio
activity will depend on the total yield and f'Is
sion yield of weapon, the height of burst, the
nature of the surface at the burst point, and the
time after the explosion.
_ Two phases of fallout may be consid
ered: early Oocal) and delayed (worldwide).
Early fallout reaches the ground during the f'mt
24 hours following a nuclear explosion. It is t1
early fallout from surface, subsurfaCe, ('Ir Iowa..
bursts that produces radioactive contamination
over large areas, with an intensity great enough
to represent an immediate biological hazard.
Delayed fallout, which arrives after the first day,
consists of very fine, invisible particles that
settle in low concentrations over a considerable
part of the earth's surface. Radioactive decay
during the relatively long time the delayed fall
out remains suspended in the atmosphere re
duces the radiation intensity from the fission
products and other substances significantly.
Because of these characteristics. the radiations
from the delayed fallout pose no significant
military effect and are not considered here.

5015 Early Fallout •
__ The early fallout from a nuclear weapon

consists of fission products and neutron activa
tion products in quan~ties that are related to
the fission and total yields of the weapon, re
spectively. In the case of a weapon in which
laIge quantity of the energy is derived from fu
sion reactions, and especially for bursts high in
the transition zone between surface (fallout pro
ducing) bursts and air bursts where little soil
mixes with bomb debris to form fallout, the
induced activity can be more important than
that from fission products (see Section II). The
relative importance of these two sources of
residual radiation depends upon the fission
fusion ratio, type and composition of the sur
face material under the detonation and the
height of burst.

I
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"For detonations over lana, where the
P3rtJc:.es consist mainly of soil minerals, the
fission-product vapors condense onto solid and
diffuse into molten soil particles and other par
1icles that may be present. The vapors of the
fission products also may condt:nse with vapors
of other substances to fonn mixed solid particles
of sm3n size.I!!!! The fact that different materials con
dense at different temperatures, and at different
times after detonation, changes the composition
of fallout particles, giving rise to the phenome
non known as ""fractionation." The occurrence
of fractionation is shown, for example, by the
fact that in a land surface burst the larger par
ticles, which fall out of the irreball early and are
found near ground zero, have radioactive com
positicns different from the smaller particles
that ~eave the cloud later and reach the ground
some distance downwind. The phenomena that
account for fractionation are not all completely
understood, but models have been developed to
explain the phenomena reasonably satisfactorily.
An example of fractionation is the change in
physical state of fission products, such as
krypton and xenon, as they decay, These two
example products are gaseous iii their nonnal
state and do not combine with other elements to
fonn compounds. During their radioactive de
cay, llowewer, they fonn rubidium and cesium,
respectively. These decay products can condense
onto solid particles. In early fallout, the solid
particles will be depleted not only in krypton
and xenon, but also in their various decay (or
daughter) products. In delayed fallout, small
particles that have remained in the cloud for
some time will have rubidium and cesium, and
their daughters, strontium and barium, con
densed upon them. Hence, the delayed fallout
will be relatively richer in these elements.

~16 Air Bursts _ .

• "it).. "u..Tface contamination effects of
fallout from an air-burst weapon are militarily

insignificant in most cases, because the cloud
carries most of the radioactive weapon debris to
high altitudes. In general, by the time this ma
terial can fall back to earth. dilution and radio
active decay decreases the activity to levels that
are no longer militarily important. An exception
may occur in the case of a nuclear weapon cloud
that is intercepted by a rainstonn from above.
This special case of fallout, called urainout" is
discussed in a subsequent subsection.

& 17 Land Surface Bursts •

_ The activity available from a nuclear
explosion at a reference time of I hour after
burst corresponds roughly to 450 megacuries per
kiloton of fission yield.* -
_ Roughly half of the available activity is
deposited as early fallout during the irrst 24
hours following a surface burst. 1ltis deposited
radioactivity can extend several hundred miles
from the burst point, depending on the yield
and the prevailing winds. The winds of the upper
atmosphere (the stratosphere) slowly deposit the
remainder of the activity, or the delayed fallout,
over the earth's surface, mainly in the hemi
sphere of detonation. The land surface burst is
used as the standard for the developme:1t of
deposition patterns and idealized contours that
are discussed below. Adjus:ments to correct
these idealized contours for bursts in the transi
tion zone (heights of burst between an air burst
and a surface burst) and for underground bursts
are described in paragraphs 5-22 and 5-23.

~ue approximates the activity per kiloton in dis
iD-':;;OS'-per KCOIId at one bow:. Actual values may range
from about 4~O to dloUt 460 mepcuries, cIependiDs on the
fissiIc material aDd the Delltron IpCeUDm tbat causes the fission.
The user may eu=ta: other valDes in YUious sources, e.a-. 550
pmma-mepcuries per kiloton at 1 bour af:er explosion. This
latter is a fictitious. but useful, selatiomhip that relates the
fission product pmma IllUI'lZ to an equivalent monoenergetic
source with an etleIEY equal to the averqe pboton eneIJY of the
fission products at 1 hour after 1be explosion.
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S 18 Deposition Patterns •

_ In a complete calm, the fallout con
tamination would fonn a roughly circular pat
tern around the point of detonation. Wind leads
to an elongated area, the exact nature of which
depends upon the speed and direction of the
wind from the surface up to the altitude of the
top of the stabilized cloud. If the direction of
the wind does not vary excessively from the sur
face up to the top of the cloud, the ground fall
01'!t contours may be characterized by a semi
circular pattern upwind from ground zero and
an elliptical pattern downwind. The upwind pat
tern is fonned by the rapid settling of the
heavier particulate matter in the stern and ejecta
from the crater, whereas the downwind elliptical
pattern is fonned by fallout of smaller and light
er oarticles from the cloud.
_ Complicated wind patterns (wind shear)
~l as variations of the wind pattern in time
and space may cause extreme departures from a
simple elliptical pattern. Also, the measured
dose-rate contours have frequently been ob
served to occur in patterns that are best de
scribed as a series of islands of relatively high
activity surrounded by areas of lower activity.
The most common pattern of this type has been
one in which the higher dose rate contours
appear around two major areas and one or more
smaller areas. One of the larger areas is in the
;::::::=:!~te vicinity of ground zero; the other is
m the general downwind direction from ground
zero. The iocations of the smaller areas of high
activity have not demonstrated patterns that can
be described simply in terms of the wind struc
ture. The dose rates observed within these high
activity areas have been of comparable magni
tude when extrapolated back to some early time
after detonation, such as H + 1 hour. Because of
the earlier arrival of the contaniinant, however,
the activities actually observed near ground zero
have been higher than in the areas away from
ground zero. A quantitatiVe treatment of such

complicated deposition patterns is possible only
through use of a complex computational model.
The simplified method for obtaining deposition
patterns presented below will not predict these
islands of relatively high activity.
• The area covered and the degree of local
izanon of the contamination also depend to
some extent on the character of the soil at the
burst point. For example, a surface detonation
over dry soil with small particle sizes probably
would result in a larger :!Tea enclosed by low
dose rate contours and a smaller area enclosed
by high dose rate contours than fo!' the average
case. A similar detonation over water covered,
finely divided soil such as day probably would
result in relatively high dose rate contours over
larger areas close to the detonation, with a corre
sponding reduction in the areas of the lower
dose rate contours farther out.

5-1 9 Idealized Contours •
_ In any simplified discussion of the areas
affected by residual contamination from fallout,
it is convenient to set up a system of contamina
tion dose rate contours which, although simpli
fied and idealized, fit actual contours measured
in the field as closely as possible. Figure 5-24
illustrates such a contour system. The idealized
contour shown consists of a nearly semicircular
upwind portion and- a roughly elliptical continu
ation of the contour in the downwind direction.
The radioactivity in the vicinity of ground zero
is deposited soon after the detonation, largely
from heavy particulate matter, ejecta from the
crater, and soil made radioactive by neutron
capture reactions. The parameters that derme
the contour extent in this region are the upwind
distance and ground zero width. The parameters
that determine the shape of the downwind con
tours are the downwind distance, maximum
width, and distance to the maximum width. To
derme the downward axis, it is assumed that the
downwind direction and extent are determined
by a single wind of constant velocity, the so-
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called effective wind, as described in paragraph
5-20. Usually wide discrepancy from the ideal
ized pattern will result if there are large direc
tional shears in the w'..nds from the surface up to
the altitlJdes of the stabilized cloud. Such shears
can distort the idealized pattern seriously. so
that, in practice, radical departures from the
idealized patterns can be expected. Figure 5-25

compares the idealized dose rate contour pattern
to the obsf'rved pattern normalized 10 1 hour
after shot SMALL BOY, a low yield shot in
Nevada during which the wind shear was not
_.. ~._. ::__ .._:_~.~·:nds had an effective
velocity of about 8 knots and an effective shear
of aboat 30 degrees (effective velocity and effec
tive shear are dermed in paragraph 5-20). The
idealized pattern is shown for an effective veloc
ity of I 0 knots and an effective shear of I 5
~~.furthereasomexpbinedinp~pb

5-20. The downwind Qstance is· expected to
increase and the crosswind distance to decrease
both with an increase in velocity and with a
decrease in shear. These tendencies are notice=
abIt. in Figure 5-25; however, for this c:a:se of low
yield and minimal shear. the idealized contours
&·l.pr:;~u... l ...a"v.-.G~lc: approximation of the ob-

.. serve(I con.tours.

• Figure 5-26 shows a bodogrnph of a
typical summer wind structure over Fort Worth,
Texas. This is an example of a severely sheared
wind structure. The average wind speed to alti
tudes of the stabilized cioud from a 2 Mt burst is
about 10 knots, but, as a result of directional
changes, the effective velccity is only 2.5 knots.
The direction of this effective wind is 43.5
d:s east of north.

• Figure 5-27 shows a comparison of the
idealized dose rate contours for a 2 Mt explosion
on the surface and the contours computed by
the "D~fense Land FallOUt L'1terpretive Code
(DELFIC)" (see bibliography) for the wind
hodograph shown in Figure 5-26 assuming that
the winds stayed oonst3nt in time and distance.
While this comparison is not a comparison with
actual data, it is a comparison with t..'le results of
a complex computer code tha\' was developed
independent of empirical data and which has
demonstrated a very good agreement with avail
able data. The general direction as well as the
areas of the two patterns are quite divergent.
This comparison is intended to illustrate the lack
of confidence that can be placed in the idealized
contours for prediction of a fallout pattern for a
particular explosion, even if meteorological data

o
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NOTE: NUMBERS ARE METERS OF ALTITUDE.

Figure ~26. 11 Hodograph of a TVPical Summer Wind Structure
Ql;er Fort Worth, Texas •

downwind distance to maximum width for ef
fective wind speeds of 10. 20, and 40 knots.
S~ce actual winds are o;:elri"m t''lietirec1in n:.lJ
and since the radi~ctiveparticles that cover the
area around~ mclude many that were not
carried to high altitudes, the ground zero width
is presented independent of wind velocity in Fig
ure 5-37. The upwind distance is estimated to be
one-half the ground zero contour widths, i.e.,
they may be represented by a semi-circle,
centered at ground zero, with a radius equal to
one-half the ground zero width. The dose rate
values obtained from the curves correspond to
the values existing at a reference time of 1 hour
after burst. 3 feet above a hypothetical smooth,
inimite plane; therefore, they must be reduced
to &ccount· for ground roughness. A reduction

..
at the burst point are known. The contours for
the idealized curves were extrapolated to a speed
nf ? " lrnl'lts !"Ven though extrapolation below
10 JUlOlS IS nOI recommended. On the other
hand, for small yields, or for the case of many
weapons, the total dose predicted by the ideal
ized conto\;J'S over large areas probably would
provide a reasonable basis upon which to b"-Se
casualty predictions.

&20 Dose Rate Contour
Dimensions •

• fo"igures 5-28 through 5-37 may be used
tc- draw idealized do~ rate contours for land
surface explosions with yields between 0.01 kt
'""'" ~(\ "4"f ~!,~Tate sets of curves are proVIded
tOi' downwind distance. maximum width, and

•
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•factor of 0.7 is appropriate for reasonably level
terrain. A factor of 0.5 to 0.6 would be more
appropriate for rough and hilly terrain~ If addi
Honal shielding exists (e.g., foxholes~ buildings,
tanks), additional shielding factors should be ob
tained from Section VI, Chapter 9.
lIB To obtain the effective wind for use
~igures 5-28 through 5-36, a wind hodo
~ph -.imilaT to that shown in Figure 5-26
shouJCI be prepared. The vector averages of the
\\i:1ds from ground zero to the base of the stabil
ized cloud and to the top of the stabilized cloud
should then be obtained. The average of- these
two average vectors is the effe~.ivewind for use
with Figures 5-28 through 5-36. The heights of
the bottom and top of the stabilized cloud are
shown as a function of yield in Figures 5-38 a.'ld
5·39, respectively. For wind speeds between the
values of 1C, 20, and 40 knots that are shown in
Figures 5-28 through 5-36, contour values may
be obtained by linear interpolation. E:=trapola
tion to values below 10 knots or above 40 knots
is not recommended.
_ As used herein the term "effective
~ refers to the angle between the average
vectors to the bottom and top of the stabilized
cloud. In the absence of a sufficient quantity of
test data with which empirical curves for deter
mining the idealized contours could be con
..... ... .•.. ........ wo:::re generated by use of the
Defense Land Fallout Interpretive Code
(DzLFIC) (see bibliography). An effective shear
of 15 degrees was used in the computer calcula
tions from which the curves of Figures 5-28
through 5-36 were derived. In general, increased
wind velocity tends to lengthen and narrow the
pattern, while increased directional shear tends
to shorten and widen the pattern. An effective
velocity and an effective directional shear do not
defme a unique· wind l:trUcture, i.e., different
wind structures could have the same effective
velocity and directional shear. It is not recom
!""'f;'!!'J!"'; t!1?t any attempt be made to change the

5-72

contour values for effective directional shears
different from IS degrees; however, the user
should be aware that differences from this value
are more likely to result in idealized contours
that are farther from reality than if the shear is
nearly equal to 15 degrees.

5-21 Decay of Earlv Fallout II
• Fission products are composed of a com

plex mixture of over 200 different fOIlJls (iso
topes) of 36 elements. Most of these isotopes are
radioactive, decaying by the emission of beta
particles, frequently accompanied by gamma
radiation. About 2 ounces of fission products
are formed for each kiloton (or 125 Ib/Mt) of
fission energy yield. The total radioactivity of
the fission products initially is extremely large
but it falls off rapidly as the result of radioact:'1e

• •

At I minute after a nuclear explosion,
w en the residual nuclear radiation is postuiated
to begin, the gamma ray activity of the 2 ounces
of fISSion products from a I kt fission yie!d ex
plosion is comparable with that of abOut 30,000
tons of radium. For explosions in the megaton
energy range the amount of radioactivity pro
duced is enormous. Although there is a decrease
from the I minute value by a factor of over
6,000 by the end of a day, the radiation intens-iliiU will be large.

Early fallout consists mainly, but not
enme y, of fISSion products. The foUowing rule
indicates how the dose rate of the actual mix
ture decreases with time: for every seven-fold
increase in time after the explosion, the dose
rate decreases by a factor of 10. For example, if
the radiation dose rate at I h~·:: after the explo
sion is taken .as a reference pO!nt, then at 7
hours after ttle explosion the dose rate will have
decreased to 1/10; at 7 x 7 = 49 hours (or
roughly 2 days) it will be 1/100; and at 7 x 49 =
343 hr (or roughly 2 weeks) the dose rate will be
1/1,000 of that at I hour after the burst.
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• •Another aspect of the rule is that at the end of I
week (7 days). the radiation dose rate will be
1/10 of the value after 1 day. 1bis rule is accu
rate to within about 25 percent up to 2 weeks or
so. and is applicable to within a factor of 2 up to
roughly 6 months after the nuclear detonation.
After 6 months. the dose rate decreases at a
much more rapid rate than predicted by this
rule. .
_ Information concerning the decrease of
~te in the early fallout can be obtained
from the continuous curve in Figure 5-40, in
which the ratio of the approximate exposure
dose rate at any time after the· explosion to a
convenient reference value. called the 1 hour
reference dose rate, is plotted as a function of
time in hours.
_ Table 5-5 gives the results of Figure 5-40
in more convenient. although somewhat less
complete, fonn. The dose rate, in any suitable
units, is taken as 1,000 at I hour after a nuclear
explosion; the expected dose rate in the same
units at a number of subsequent times, for the
same quantity of early fallout, is then as shown
in the table. If the actual dose rate at I hour (or
any other time) after the explosion is known,
the value at any specified time, up to 1,000
hours. can be obtained by siplpJe proportion.
.. It should be noted that Figure 5-40 and-r=5-5 are used fo:r calculations of dose ,ates.
Tn it..t,"",";"," the total radiation dose received it
u necessary to multiply the average dose rate by
the exposure time. Since the dose rate isde~
ing steadily during the exposure, however,
appropriate allowance for this must be made.
The results of the calculations based on Figure
5-40 are expressed by the curve in Figure 5-41,
which gives the total dose received from early
fallout, between 1 hour and any other specified
time after the explosion, in terms· of the 1 hour
reference dose rate.

•
The continuous C"l1J'Ve in Figure 5-40,

w c represents the decrease in dose rate due to

•••

Table ~5. '" Relative Theoretical DO"..e Rates
from r y Fallout at V~rious Times

After • Nuclear Explosion II
TlD1e Relative TiD:e Re:...tive
(hr) Dose Rate (hr) Dose lUte

1 1,000 36 14.0

1-1/2 615 48 9.6
2 435 72 5.9

3 268 100 4.0
5 145 200 1.7

6 116 400 0.75

10 63 600 0.46

15 40 800 , 0.33

24 22 1,000 0.25

gamma radiation from radioactive fallout. sums
up the contributions of the more than 200 is0
topes in the fission products and in the activity
induced by neutrons in the weapons materials
for various times after fission. The effects of
fractionation, resulting from the partial loss of
gaseous krypton and xenon (and their daughter
elements), and from -other circumstances, have
also been taken into account (see paragraph
5-15). The dose rates calculated in this manner
vary with the nature of the weapon, but the
values plotted in Figure 5-40 are reasonable aver
ages when the fallout activity arises mainly from
fission products. The decrease in the dose rate
with time cannot be represented by a simple
equation that is valid at all times. but it can be
approximated to within 25 percent by the
straight dashed Jines labeled r l •2 for times be-

'tween 30 minutes to about 5000 hours (about
200 days) after the explosion. After 200 days,
the fallout decays more rapidly than indicated
by the r l .2 (broken) line, so the conti!lUOUS
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•curve should be used to estimate dose rates from
fallout at these times.

(U) While the approximation is applicable.
the decay of fallout activity at a given location
may be represented by the simple expression

D = D r l .2
t I •

w~n: bt is the gamma radiati~n dose rate at
time t after the explosion, and D I is the 1 hour
dose rate, which is also the reference dose rate
that !s used in Figures 5-28 through 5-37. The
actual value ofD1 will depend on the time units,
that is, minutes, hours. days, and so on. In this
chapter, time is generally expressed in hours, so
that the unit time for the.reference dose rate DI
i~ur.
_ The curves in Figure 5-40 and the equa
tion given above apply so long as there is no
change in the quantity of fallout during the time
interval under consideration. Therefore, it can
not be used while the fallout is still descending.
but only after it is essentially complete, at the
particular location. Ifduring the time t. any fall
out material is removed, for example. by weath
ering or by washing away, or if;any additional
material is brought to the given point by wind or
by another nuclear explosion. neither the curves
nnr 1'h", ","!m.t'ion will predict the decay of the
lallout acnvity correctly.

_ Measurements made on actual fallout
from weapons tests indicate that, although the
,-1.2 decay represents a reasonable average. ex
ponents in the range of -0.2 to -2. rather than
-1.2. are sometimes needed to represent the rate
of decay. In fact. different exponents are some
times needed for different times after the explo
sion. These anomalies. which apparently arise
from the particular circumstances of the explo
sion. are very difficult to predict. except in cases
where a large quantity of neutron-induced
"f''';~· 'S k~cwn to have been produced, either
in the ground or in weapon components or both.
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Furthermore, fallout from two or more explo
sions occurring at different times will change the
observed decay rate completely. For measure
ments made over a long period of time after the
burst. weathering will tend to alter the dose
rates unpredictably. In an actual situation fol
lowing a nuclear detonation. estimates based on
either :he t· I •2 decay rule or even on the con
tinuous curves in Figures 540 and 5-41 must be
used with caution and should be verified by
a.almeasurements as frequently as possible.

In principal. either Figures 5-40 and
5 • or the ,-1.2 decay equation could be used
to estimate the total dose received from fallout
in a contaminated area, provided that all of the
fallout arrives in a short time. Actually. the con
taminated particles may descend for several
hours, and without knowing the rate at which
the fission products reach the ground. useful cal
culations cannot be made. However. after the
fallout has ceased to arrive. either the figures or
the equation will provide rough estimates of
radiation doses up to about 200 days after the
explosion. provided one measurement of the
dose rate is available. After 200 days, the solid
curve of Figure 5-40 together with Figure 541
should be used. However. at such long times
after the explosion. it is not likely that the
standard decay pattern will persist. It is advis
able to make frequent measu.~ments and to

:ae ·ve an appropriate decay scheme.
Table 5-6 shows the percentage of the

• l1ll (residual radiation) d~ that would be
received from a given quantity of early -fallout.
computed from 1 hour to various times after a
nuclear explosion. The inimity Guse is that
whkh would be received as a result of {".()ntinued
exposure to a certain quantity of early fallout
for many years. These data can be used to deter
mine the proportion of the infmity dose re
ceived during any specified period following the
complete deposition of t!l.e early fallout from a
nuclear explosion. If the decay followed the

o
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burst very close to the surface will be similar to
those for a weapon of the same yield burst on
·the surface. However, as the height of burst in
creases, the activity deposited locally as fallout
decreases, and the residual contamination result
ing from the neutron-induced activity becomes
more important. The exact scaling of the fallout
dose rate contour values with height of burst is
uncertain. Residual contamination from tests at
heights of burst immediately aoove or below
lOOWO·35 feet has been small enough to permit
approach to ground zero within the f1l'St 24 to
48 hours afte: detonation without exceeding
reasonable peacetime dosages. In these tests the
mass of the tower. special shielding, and other
test equipment contributed to conside!'3ble part
of the fallout actually experienced, and neutron
induced activity in the soil added further to the
total contamination. Thus, for heights of burst
of lOOw<'·3 S feet or greater, contamination
from fallout will probably not be sufficiently
extensive to affect military operations ma
terially. Figure 543 shows this relation plotted
as minimum height of burst versus weapon yield.
It must not be assumed that even low to inter
mediate yields will never present a residual
radiation problem when burst above 100WO·3 S

feet. The neutron-induced gamma activity can
be intense in a relatively small area around
ground zero. A better idea of the contamination
pattern, dose rat: :cr:tot:r value::;, ::::c! ~f'::~' :-=~('

of the residual radiation from the above types of
explosions generally will be obtained by basiJ'g
the predictions on the induced activity as de
scribed in Section II of this chapter. In view of
the uncertainty involved and the lack of experi
mental data for high yields burst over land ~t

heights of burst near IooWO·3S feet, a more
conservative estimate of 180WO·4 feet may b~

desirable for use under some circumstances as
the height at which fallout becomes negligible.
_ A rough estimate of the dose rate con
tour values for bursts in the transition zone may

-r l 2 decay law given above beyond 200 days,
the infinite residence dose, starting at I hour,
would be equal to 5 times the H + I hour dose
rate, and this convenient rule of thumb has been
used frequently. However, in view of the more
rapid decay of the actual fission product mix
after about 5,000 hours (see Figure 540). a
better rule of thumb is that the infmite resi
dence dose is equal to 4 times the H + I hour
dose rate.

_ Figure 5-42 provides aconvenient means
~etermining the total dose received during

various times of occupancy of a contaminated
:Area as a function of time of entry. For purposes
of prediction. the time of entry may be taken to

.. be the time of arrival of the falleut. Within the
.accuracy of Figures 5-28 through-5-37. this time
may be taken to be equal to the dista!lce from
ground zero divided by the effective wind speed.
ie.. the buildup of activity during the finite ar
rival time is neglected.

5-22 Bursts in m. Transition
-; •• -<:.' -. Zone II

_ The deposition patterns and decay rate
of the contamination from weapons that are

... i~-:; ~.•.-. - .-

- _. . _ TJDle Percent of Tune Percent of
(hr) Infinite Dose (hr) Infmite Dose

2 IS 72 68.. -.
4 28 200 78
0 33 500 8S

12 44 1,300 89

24 S3 2,000 93

48 63 5,000 98

..

-' . ',::" .

~·~l.~·.",,:·':~T .~
,,-,~--: ... :--~-- .

-- 't- ~ ~ .," :r.ble fMj. _ Percentage of the Infinite

'.~. - . Residence Dose Received from 1 Hour to Various

. ~', Times After Explosion •
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-be obtained by applying an adjustment factor
from Figure 544 to the dose rat~ contour values
obtained from Figures 5-28 through 5-37. For
bUJsts in the upper quarter of the fallout transi
tion zone, neutron-induced activity must also be
considered. For bursts in the lower three
quarterS of the transition zone the neutron
induced gamma activity generally can be neglect
et'l c-o"l!,~~d to the fallout activity.

5-23 Underground Bursts.
_ A large amount of residual contaInina
tien is deposited in the immediate vicinity of the
burst point after an underground detonation,
tiecau.;e most of the radioactive material falls
from the column and cloud to the surface rapid
Iy. A very shallow underground burst conforms

.. closely to the contamination mechanisms and
patterns described in paragraphs 5-19 and 5-20
fer 1;md surface bursts. As depth of burst in
creases, a greater percentage of the total avail
able contaminant is deposited as local fallout,
until for the case of no surface venting, all of the
contamination is contained in dIe volume of
ruptured earth surrounding the point of detona-
tion. ; -

_ Figure 545 shows a depth multiplica
tion factor as a function of scaled depth of burst
~,..... : .....1.-1 .. h ..hl''''~'' I kt and 1 Mt. These factors

are applied to the linear dimensions of the dose
rate contours for a ~and surface burst of the
same yield, which must be obtained from Fig
ures 5-28. through 5-37. This treatment yields
dose rate contours for underground bursts that
have shapes similar to the comparable surface
burst dose rate contours. Although there is some
reason to believe that this is not a valid represen
tation, this treatment does yield a fair represen
tation of the total activity deposited in ear]y
fallout patterns. Variations in soil type and
other factors introduce additional uncertainties,
which are reflected by the broad band in Figure
545. .
5-24 Beta Radiation _

_ The hazard fTom the gamma rays of.the
residual radiation generally will exceed that
from beta particles, except in those cases where
intimate contact with beta emitting particles
occurs. Such contact may result when an indi
vidual lies prone in a contaminated area, or
when particles fall directly on the scalp. Bums
that range from being superficial to severe may
:esuit from such exposures (see paragraph 10-27.
Chapter 10). The severity of the burn will de
pend both on the intensity of the radiation
source in contact with the body and on the
promptness with which the particles are washed
from the skin, i.e., the length of exposure.

o
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Problem !HI. Calculation of Fallout Gamm& Radiation
Dose Rate Contours for Surface Bursts
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_ Figures 5-28 through 5-37 show ideal
ized dose rate contour parameters for residual
fallout radiation from surface bursts of weapons
with yields between 0.01 kt and 30 Mt. The
dose rates are given in tenns of exposure rate in
!oentgens per hour as calculated by the DELFIC
computer code for a receiver 3 feet ~bove an
infInite plane surface. Within the accuracy of the
data, I roentgen may be taken to be equal to 1
rad. The actual exposure will be about 0.7 times
that shown for the plane surface if the terrain is
smooth, and 0.5 to 0.6 times the values for the
plane surface if the terrain is rough or hilly. The
basic data are presented for weapons from which
all the yield results from fission; but, as de
scribed below, the data can also be used to
obtain fallout contours for weapons for which
the fission yield is only a fraction of the total
yield, and for which essentially all of the con
tamination produced (90 percent or more) re
sults from fission products. The dose rate values
are given for a reference time ofH + 1 hour. The
more distant parts of the larger contours do not
exist at H + 1 hour, beQluse the fallout that
eventually reaches some of these- more distant
areas is still airborne at that time. The dose rate
,·~.,'n...... ~,., '!"::ist at later times when fallout is
complete, but with dose rate contour values
reduced according to the appropriate decay fac
tor from Figure 540. Visual interpolation may
be used for dose rate contour values between
those for which curves are given. Extrapolation
to dose rate contour values higher or lower than
those shown in the famDies of curves cannot be
done accurately and should not be attempted.

_ An approximate estimate of the area
~ particular dose rate contour may be cal

culated by assuming that the roughly elliptical
contour obtained by plotting the parameters

given in Figures 5-28 through 5-37 is an ellipse.
The formula fOT this area is: Area ='ffab/4 where
a is downwind distance plus upwind distance,
and b is maximum crosswind distance. It MUS

be realized that the dose rate contours ar - ~t

true ellipses, and that this formula is on]. an
~ximation.

_ The decay factors from Figure 5-4
should be used to obbin dose rate values fc
times other than H + I hour. To obtain contot
values for effecti,·e winds other than those gi\. I

i., the curIes, that is. 10, 20, and 40 knots,
linear interpolation may be used. Thus, the
downward distance for a 30 knot effective wind
speed would be midway between the 20 knot
and 40 knot downwind distances.
_ Contour shapes and sizes are a function
~ total yield of the weapon, whereas the
dose rate contour values are determined by the
fission yield. Thus, if only a fraction of the total
yield of the weapon results from iJSSion, and this
fraction is known, Figures 5-28 through 5-37
may be used to estimate fallout contours result
ing from the detonation of such a weapon. The
dose rate for the dUnension of interest as read
from the figures opposite the total yield must be
multiplied by the ratio of fISSion yield to total
yield to obtain the true dose 1";,.te value for that
dimension. Similarly, to obtain contour dimen
sions for a particular dose rate, the value of the
desired dose rate must be divided by the ratio of
fission to total yield, and the dimension of the
resultant dose rate read from the figure opposite

: ~tal yield. •
Example

iven: A hypothetical weapon with a total
yield of 600 kt, of which 200 let results from
fission, is detonated on a land surface with 10
mo: effective wind conditions.

I I
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• rmd: The contour parameters for a dose
rate of 50 rads/hr at H + 1 hour reference time
over rough, hilly terrain. _

Solution: The 50 rads/hr contour for a fis
sion yield to total yield ratio of 200/600 =1/3
corresponds to the contour of 50';' 1/3 = 150
rads/hr for a weapon for 600 kt f"lSSion yield.
The dose rate above contaminated rough and
hilly terrain is about one-half that above an ideal
smooth plane. Thus the desired contour param
eters can be obtained by entering Figures 5-28,
5-31, 5-34, and 5-37 with a yield of 600 kt and

. reading the parameter values corresponding to
an H + I hour dose rate of 2 x 150 = 300 rads/hr
(the factor 2 corrects for the rough, billy

-
ter.:ain).

Answer: The H + I hour dose rate param-
eter values are shown below.

_Reliability. The degree to which wind
lind other meteorological conditions affect these
contour parameters cannot be overemphasized.
The contours presented in these curves have
been idealized in order to make it possible to
present average, representative values for plan
ning purposes. Due to these limitations, a mean
ingful percentage reliability f:gure cannot be
assigned to the idealized fallout pattern.

_ Reillted Material. See paragraphs 5-17
through 5-20.
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Parameter Value
for a 10 Knot

Source Effective W"md
Parameter Figure (miles)

Downwind Distance 5-28 so.o
Maximum Width 5-3] 9.0

Distance to 5-3'. 25.0
Maximum Width

Ground Zero Width 5-37 4.4

Upwind Distance 5-37· 2.2
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t Problem ~9. Calculation of Fission Product Decay
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_ Figure 5-40 provides f"lSSion product
decay factors as a function of time after burst.
The dose rate at any time can be obtained by
multiplying the H + I hour dose rate by the
appropriate decay factor from Figure 5-40. The
decay curve also may be used to determine the
value of the H + I hour dose rate from the dose
rate measured at a later time. In this case the
measured dose rate is divided by the appropriate
~factor. _
.. Example 1 .-

Given: The dose rate at a given point at I
hour after 2 nuclear explosion is 500 rads/hr.

Find: The dose rate at that point 12 hours
after"the explosion.

Solution: From Figure 540, the decay fac
tor at 12 hours is 0.05.

, ...

Answer: The dose rate at 12 hours is

500 x 0.05 = 25 rads/hr.

• Example 2 II
Given: The dose rate at a given point ~ 0

hours after detonation is 72 rads/hr.
Find: The dose rate at the same point I

hour after the detonation.
Solution: From Figure 5-40, the decay fac

tor at 10 hours is 0.06.
Answer: The dose rate at I hour is

72
0.06 = 1,200 rads/hr.

- Related Material. See paragraph 5-21.
~so Figure 5-42.
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Figure 6-40. II Fission Product Decav Factors Normalized
to Unltv at 1 Hour After Detonetlon II
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Problem ~,o. _Celculation of Gamma Radiation
Dose • a Function of Time

.
(

_Figure 541 shows the integrated gamma
dOli<: received in a faDout-contaminated area as a
function of time after H + 1 hour (-0.042 day).
This curve was generated by integrating the solid
curve of Figure 5-40. If the true dose rate at
some time between H + 1 hour and H + 1,000
days is kr.~wn. Figure 5-41 can be used to esti
mAte the dose accumulated during any time
interval in this time range. provided the fallout

ii(eca s as shownin~ 540. -
Example •.

i-"en: A dose rate of 20 rads/hr is measur
ed in a fallout contam:nated area 4 hours after
the explosion (fallout had ceased to arrive at this
time).

Find: The dose received by personnel who
enter the area at H + 4.8 hours and remain for
2.5 hours before leaving the area.

Solution:

H + 4.8 hr = H + 0.2 day

(H + 4.8 + 2.5) hr = H + 7.3 hr

, -
= H + 0.304 day

From Fi~re 541. the nonnaIized dose that
would be received between H + 1 hour and H +
0.304 day is 1.55. Similarly. the nonnalized
dose received between H + 1 hour and H + 0.2

day is 1.3. Therefo:e, the nomuzlized dose re
ceived by these personnel between H + 0.2 and
H + 0.304 day would be:

1.55 - 1.3 = 0.25

To convert this to actual DOse received, use is
made of the H + 4 hour dose rate (20 rads/hr).
From Figure 5-40. the nonnalized dose rate at H
+ 4 hour is found to be 0.18. The H + I hour
dose rate is

20
0.18 = 111 rads/hr.

Answer: The dose that the personnel can
expect to receive is found by multiplying the H
+ 1 hour dose rate by the nonnalized dose ob
tained from F:g'.Jre 541:

111 x 0.25 lO:::: 28 rads.

NO~; The dose calculated above is oruy the
dose received during the stay at the particular
spot in question. Additional dose would be
accumulated during entry and exit. The amount
of the additional dose would depend on the
means of transportation and the size of the con
taminated area.

_ Related Material. See paragraph 5-2l.
~ Figure 542.
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Problem &11. calculation of Total Gamma Radiation
Dose Received in 8 Contamina18d Area
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• Figure 542 gives the total dose received
if a contisminated area is entered at a specified
time and occupied for a specified interval of
time. The vertical axis gives the accumulated
dose for each unit (rads/hr) of dose rate at one
hour after the detonation. The various curves
represent time of stay in the contaminated area.
To determine the accumulated dose, a f:-:;tor is
taken from the vertical axis corresponding to the
time of entry and the time of stay. The product
of this factor and the dose rate at one hour is
the accumulated dose.

.- Example -."
~iven: The dose l"ate in a given area at I

, ,

hour after a nuclear explosion is 500 rads/hr.
Find: The total dose ieceived by a man

who enters the area 2 hours after the explosion
and remains 4 hours.

Solution: From Figure 5-42, the intersec
tion of the line for a time of entry of 2 hours
after burst with the 4 hour curve gives a factor
of 0.8.

Answer: The accumulated dose is:

500 x 0.8 = 400 rads.

II Related MateriJZI. See paragraphs 5-21.
See also Figures S40 and 5-41.
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Problem 5-12. Calculation of Fallout Gamma Radiation Dose Rate

Contours for Bunts in the Transition Zone

_ Figo.JI'e 543 may be used to detennine
whether or cot a burst is in the transition zone,
i.~., below a height of burst of looM/(US reet.
Burst heights below the curve in Figure 543 "are
L."l the transition zone. Burst heights above !he
curve are air bursts. In some situations, it may
t: c::::::t-!: ~c consider bursts below 180WO·4

feet to be in the transition zone for conservative
estimates. The means for doing this are dis....ussed
below. When a burst occurs in the transition
zone, an approximation of the resulting fallout
contamination patterns may be obtained by
multiplying the dose rate contour values for a
contact surface burst weapon of the same yield
by an adjustment factor from Figure 5-44. The
curves of Figure 5-44 were constrccted under
the assumption that the ratio of the dose rate
values from a burst in the transition zone to the
dose r::Ite values for the same contour from a
surface burst are proportional to the ratio of the
volume of a segment of a sphere intercepted by
the ground surface to the volume of the herm
sphere, where the radius of the sphe;e is
woWO·3S feet, i.e.,

,.

AiI;"COTTl"nt F"MClr = (100 -;Jist (200 +~)
2x 106 '

where h is the actual height of burst iH feet, and
W is the total weapen yield in kilotons.
.. In ..iew of the lack of data from bursts
~transitionzone over a land surface, a more
conservative estimate may be desired. In this
case, the height of burst for the upper limit of
the tranoition zone is taken to be 180WO·4 feet.
The adjustment factor to be applied to dose rate
values for the same contours from a surface
burst of the same yield can be calculated from:

(180-~~(360+2....)
Adjustment Factor = ",tOA) \ WlA

1.17 x 10' .

II Example II .
Given: A hypothetical weapon with 2. to~l

yield of 600 kt, of WIDch 200 "'t ~S"~I!"c: fT~T"l

fission, is burst 560 feet over a land surface with
I0 knot effective wind conditions.

Find: The contour parameters for a dose
rate of 15 rads/hr at H + I hour reference time
over smooth terrain.

Solution: From Figure 543, a 600 kt
weapon burst below about 940 feet would be in
the transition zone. A height of burst of 560
feet is less than three quarters of the limiting
altitude of the transition, so fallout is the m.ly
residual radiation to be considered. Tne 15 rads!
hr contour for a fission yield t~ total yield rdtio
of 200/600 =1/3 corresponds to the contour for
15 ..;. 1/3 = 45 rads/hr for a weapon of 600 kt
fission yield. The dose rate over ~onably level
terrain is about 70 percent of that over an ideal
smooth plane. Thus, the ideal smooth plane con
tour parameters for this weapon burst on the
surface would correspond to

45 04 d"0.7 = "ra I>fJlI.

From Figure 544 (or from the normal adjLlSt
ment factor equation given above) the height of
burst adjustment factor for a 600 kt weapon
burst at 560 feet is 0.21. Therefore, the desired
contour parameters can be obtained by entering
Figures 5-28, 5-31, 5-34, and 5-37 with a yield
of 60r kt and reading the parameter values cor
responding to an H + 1 hour dose rate of

64
0.21 = 300 rads/hr.
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• Answer: The H + 1 hour dose rate param
eter values are shown below:

Parameter Value
for a 10 Knot

Source EffectiVe W"md
Parameter Figure (miles)

Downwind Distance 5-28 80.0

MaximWIl Width 5-31 9.0

u~Lan"" to 5-34 25.0
Ma,cim:.:m Width

Ground Zero Width 5-37 4.4

Upwind Distance 5-37- 2.2

~ distance equals oue-b21f the srOWld zero width.

NOTE: These are the same dose rate contour

parameters that were obtained in Problem 5-8
for the 50 rad/hr contour from an identical
weapon burn on the surface of rough, hilly ter-

ill Reliability. There is little data to sup
port the height of burst correction factors. Addi
tionally. the degree to which wind and other
meteorological conditions affect these contour
parameters cannot be overemphasized. The con
tours presented in these curves have been ideal
ized in order to make it possible to present aver
age, representative values for planning purposes.
Due to these limitations, a meaningful per
centage reliability figure cannot be ussigned to
the idealized fallout pattern.

• Related Material. See paragraphs 5-17
through 5-22.
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Problem &13. C81culation of Fallout Gamma Ray Dose
Rate Contours for Underground Bursts
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_ Figure 545 presents depth multiplica
~ctors for the surface burst contour param
eters in Figures 5-28 through 5-37. If the weap
on yield and depth of burst in land are known, a
multiplication factor can be determined from
this curve, or a range of values can be deter
mmed for deep bursts. The idealized contour
p::..~-:teters of a surface burst of the saree yield
are multiplied by this factor to obtain idealized
contour parameters for the underground burst.
_ Figures 5-28 through 5-37 must be used
t~ain surface burst parameters. These curves
present idealized contour parameters for various
effective wind speeds and for yields from 0.0]
J..-t to 30 Mt. These parameters are for a refer
ence time of one hour after detonation on an
infinite smooth plane. Since these surface burst
parameters must be used to determine contours
for underground bursts, all conditions that apply
to Figures 5-28 through 5-37 also apply to the
resulting underground burst contours. For
example, to obtain dose rate values for times
other than H + ] hour, adjustment procedures
are the same for underground bursts as those for
surface bursts as discussed i!' the explanatory
text for those figu.ooes .
.- Figure 5-45 shows the depth multiplica
~'lrtM "c '" f1.tnction of depth of burst for a
i :"l explosion. Factors may be obtained fOT

!l:t 'e]ds by the scaling procedures.
Scaling. For yields other than ] kt, scale

as fa ows:
db

db l = Wl/3 '

where db l is the depth of burst for] kt and ",
is the depth of burst for a yield of W kt. On
the equivalent depth of burst for I kt has been
determined, the depth multiplication factor may
be read from Figure 5-45. This factor is applied
to dose rate contour values obtained from Fig
ures 5·28 through 5-37 for a yield .of W kt..-a Example .:

Given: A 20 kt explosion at a depth of ]35
feet under 20 knot effective wind conditions.

Find: The idealized dose rate contour
parameters for a dose rate of 100 rads/hr at I
hour after the explosion.

Solution: The equivalent depth of burst for
a I kt explosion is

db = -!!2- = 135 = 50 ft.
I WI/3 (20)li3

From Figure 5-45, the depth multiplication fac
tor corresponding to this depth of burst for a ]
kt explosion is 1.2.

Answer: The H + ] !:lOUT dose rate param
eters for a 20 kt explosion at a depth of 135 feet
are shown below:

-.---_._---
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• Reliability. The limitations present in
Figo.1I'es 5-28 through 5-37 and the treatment of
surface bursts apply to this treatment o~ under
ground bursts. Also, more stringent restrictions
must be placed on the use of this treatment of
underground bursts. In the absence of sufficient
data, the results of a complex computer code
were used to generate the idealized dose rate
paramett:T contour vaiues for surface bursts. The
resulb of an equivalent code are not available
for underground bursts. Thus, the dependence

of the size and shape of a particular contour on

depth of burst cannot be predicted in detail.

5-102

even under the restrictions of the idealized
model presented here. Variations in soil type
also are expected to affect the fallout pattern of
underground bursts to a great:r degree than sur
face bursts, but there are little data to substan
tiate this belief. Some of the uncertainties are
reflected ;,'./ th~ shaded region in Figure 5-45.
Although ~e pI'f'_ii~ons cannot be considered
reliable, thL t':,itment should give a TOUgh pic
ture of the general behavior of the fallout pat-

~
.- Related Material. See paragraphs 5-18
tlirough 5-21 and paragraph 5-23. See also Prob
lem 5-8 and Figures 5-28 tluough 5-37.
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• RESIDUAL RADIATION fROM
WATER SURFACE AND
UNDERWATER BURSTS _

_ The distinction between initial and resi
dual radiation from underwater bursts is much
less distinct than it is for air bursts or land sur
face or !:Ubsurface bursts. The radiation accom
Po1l(w j..l1~ Ljit: base surge expands sufficiently
rapidly as to become merged with what is nor
mally considered initial radiation. In the case of
water surface bursts, the distinction between
initial and residual radiation is somewhat more
clear cut, but in most cases the residual radiation
will nol be of great significance.

5-25 Water Surfac:e Bursts _

-. A base surge (paragraph 2-75, Chapter 2)
is not expected to form as a result of a water
surface burst, consequently a separation be
tween initial and residual nuclear radiation can
be made as in the case of a land surface explo
sion. An approximation of the initial nuclear
radiation dose may be obtained from Figures 5-9
through 5-17 in Section I of this chapter. It
must be emphasized, however, that the dose so
obtained will be an approximation. The curves
of Figures 5-9 through 5-17 are based on exten
,::-.- • .:::..:;:.:~:: ;:2;::~J.tons for a receiver on or
near a klnd sutface. These calculations included
the effect of the ground-air interface, and a
number of comparisons w~th measured data have
substantiated the validity of the calculations. A
limited number of comparisons of the same
.computer calculations have also indicated good

. agreement with initial gamma ray dose measure
ments made near a water surface after high yield
explosions; however, these were not true water
surface explosions, and no comparisons with
neutron dose are available. Thus, in the absence
of data and in the absence of comprehensive
.:.vr..;;;..;~.:r d:::;;~.:.tions, the curves of Figures 5-9
throuJW, 5-17 provide the best available data for

5-104

simplified calculations of initial nuclear radia
tion dose from water surface bursts.
-. For yields of more than a few kilotons,
~ud from a sea water surface burst is siIl.:
lar to that from a land surface or low air burst of
the same yield. The cloud height and hOTU..:.or..aI
extent are determined primarily by the yield and
by atmospheric conditions. For megaton yields,
the maximum cloud height may be somewhat
greater than that for a land surface burst, as a
result of the release of latent heat from con
densation of vaporized sea water. For very low
yields, it is possible that the maximum cloud
height may be less th:m for 2 land or low air
burst, as a result of interference from the dis
turbed water. It is also possible, under certain
atmospheric conditions, that the sea salt raised
and dispersed in the atmosphere by low yield
explosions may have a cloud-seeding effect. In
this event, the water burst could produce a
larger, higher cloud than a land burst, and the
dispersion of salt would trigger a rainout of
~ivity.

_ The possible cloud seeding described
above is only one example of the extreme sensi
tivity of fallout from waler surface bursts to
atmospheric conditions, especially relative
humidity. This sensitivity results from the
hygroscopic (water-absorbing) nature of the fall
out particles. These particles consist mainly of
sea salt and water. When dry, they are generally
much smaller and lighter than fallout particles
from land surface bursts. Because water burst
particles are smaller than those from land bursts,
water bursts produce less close-in fallout than
land bursts. In particular, water bursts, unlike
land bursts, generally will not produce a region
of intense fallout (several thousand r/hI) near
surface zero. The one possible exception is a
water burst in an extremely humid atmosphere.
~ Water surface bursts are even less likely
~duce regular cigar-shaped fallout patterns
than land suIface bursts. The effect of atmo-

I I I I
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•spher..c humi4ity introduces further irregularities
in fallout patterns. Also, because water surface
burst particles take longer to fall than particles
from land surface bursts, wind and weather con
ditions are more likely to change during the time
of fallout transport and deposition. It is often
difficult to derme a downwind direction in.the
fallout pattern. The apparent downwind direc
tion may vary with yield and with time after
burst at which the pattern is observed or
calc:Jlated.

_ Tn almost all cases, the region of maxi
mum deposit intensity is not around surface
zero but considerably downwind. ThUli, for a 10
Mt burst, the calculated region of a nonnalized
dose rate of at least 300 r/hr at I hour extends
from about 125 to 300 miles from surface zero.
The dose rate would, of course, be much lower
at the time of arrival and would vary t.'rroughout
the area as a result of varying arrival funes.

_ As material in the cloud rises, it cools by
~g ambient air, and by expanding with
increasing altitude. Fallout particles fonn by
condensation of vapor and grow by coagulation;
that is, by collision and adhesion of smaHer par
ticles to fonn larger particles. The vapor conden
sation may be considered a 3-stage process.
_ In the first stage, ~cium and magne
Sium from the sea water and iroa, and other
metals from the weapon condense as oxides. In
th.. "",....."It ~?gf" sodium chloride, which is about
90 percent of dried sea salt, condenses on the
nuclei provided by the stage I particles. In the
thi;d stage, water vapor condenses to liquid
water or to ice, on the stage 2 particles.
_ The median diameter of the stage 1 par
ticles is about I micron contrasted to a few
hundred microns for a land surface burst. The
size is expected to increase slightly with yield,
because the particles are fonned by diffusion
onto nuclei w1u1e the rueball is cooling by
thennal radiation. The larger the fueball, the
slower the cooling rate. The slower the cooling

rate, the more time is available for diffusive
growth.
_ During and after the three condensation
stages, coagulation causes particle growth. Par
ticles of sub-micron size coagulate as a result of
Brownian motion. Somewhat larger particles
coagulate due to turbulent accelerations in the
cloud. Turbulent coagulation only appears to be
of importance in clouds from megaton bursts.
Even larger particles grow by gravitationai
coagulation; that is, as they fall through the
cloud they overtake and capture smaller par
ticles. Gravitational coag-.llation is partic.llarly
important for low-yield bursts in humid atmo
spheres. The process is similar to one of the
mechanisms i~· growth of ordinary raindrops.
The largest pa.-ucles fonned, i.e., those from low
yield bursts in a humid atmosphere: may have
actual diameters of 2,000 microns. Pa.rt!cIes of
this size fall out of the cloud rapidly. Thus,
there is a practical limit on the growth of par
ticles in the cloud.
_ Moisture effects play a dominant part in
water surface burst fallout. In general, the more
humid the atmosphere, the more radioactivity is
deposited as close-in fallout. Most of the mois
ture contained in the clouds of low yield bursts
comes from entrained air. Consequently, the
higher the humidity. the greater the cloud mois
ture content. In tum, the salt particles absorb
more water, and, 3S frey get laIter, gr.J.\itatior.a1

ili
a lation proceeds faster.

Moisture not only has a direct effect on
par c e fonnation, but also has an indirect ef
fect on cloud height. The top of the cloud from
a 20 kt water surface "urst in a very humid trop
ical atmosphere m2Y reach the tropopause at
about 55,000 feet. In a less humid atmosphere,
the cloud from a bUrst: of the same yield may
rise less than half as high (see Figure 5-39). Salt
particles absorb moisture from humid air; the
moi..""ture evaporates when the particles are
exposed to relatively dry air. Consequently the

c
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•size. falling rate. and time and place of deposit
of water surface burst fallout particles vary with
the atmospheric humidity the particles en
C(\IJot.er during their trajectories. As the particles
fall, \hey usually shrink by evaporation and may
become completely dry, with a diameter of at
most 100 to 200 microns. They then fall very
~owiy. and mo·..e large horizontal distances as a
:;:;-.:.:: :,f :'':1~ forces exerted by the wind. Finally,
tile particies reach the m~ humid air near sea
level, begin to grow by absorbing moisture, and
fall faster. Thus, although particles from a mega
ton burst may leave the cloud with a water con
tent almost entirely derived from sea water, this
water may evaporate completely during fall, and
the water content of the particles that reach the
surface is entirely atmospheric moisture. AIl

. exception to this situation could occur for a
burst in an arctic atmosphere. The cold air retards
evaporation, even if humidity is low. and some
of the original sea water could remain on the

iirticles.
Maximum fallout intensity, as well as

the area covered by fallout from a water surface
burst increases with weapon yield. For yields
between I kt and 100 kt. the normalized H + I
hour exposure rates are expected' to be negli
gible. The highest normalized intensities from a
100 kt explosion are expected to be more than
,:)u roemeens per hour (r/br). but less than 100
rfbr. The highest intensities from a I Mt burst
are expected to be over 100 r/hr but less than
300 r/hr. Finally, a 10 Mt burst is expected to
produce intensities over 300 r/hr, but less than
1,000 r/hr. Since all of these exposure intensities
arc normalized to H + I hour, and the fallout
will arrive at significantly longer times after
burst for the Ia.-ger yields (depending upon the
wind). the radioactivity will have decayed to
much smaller levels prior to the time of arrival
and fallout generally is not expected to be a
govemin, effect from water surface bursts.

". -: ~
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5-26 Underwater Bursts II
• An underwater burst creates a highly
energetic bubble, whose history determines the
major above-surface effects. For very shallow
explosions, the bubble expands. through the
water surface with a high internal pressure, and
develops a hollow _column through which the
bubble blows out into the atmosphere in the
form of a cloud at the c.>lUJllll top. For a some
what greater depth. the bubble expands thro!Jgh
the water surface at lower internal pressure and
a column again forms, but no blowout occurs.
Transition from columnar formations to plume
like eruptions, hemisp!terica1 in shape, takes
place as the depth increases. The migration of
the underwater bubble through the surface near
its minimal phase at or shortly after its
maximum~xpansion phase creates the plumes.
For deep explosions, the bubble may experience
several oscillations as it migrates upwards. If the
explosion is very deep, the bubble will degen
erate and break up before reaching the surface.
It is possible that an explosion may take place at
such a great depth that little, if any, disturbance
w.·1 e noted on the surface.

The ejected water, whether a colum.n or
a p ume, will fall back to the surface rapIdly.
This massive subsidence creates a radially ex
panding aerosol cloud, or base surge, at the
water surface. The base surge expands as a ring
or disk until it dissipates energy received from
the subsidiary plumes or columns. After expand
ing. it drifts with the surface winds. Some evi
dence suggests the base surge has the same initial
bulk density as that of the plumes or columns
from which it is fonned, being several times the
density of air. As it travels downwind, it will
react to the emting atmosph.eric conditions;
e.g., evaporating or dev:;ioping into low-cloud
formations. These physical phenomena are de
scribed in more detail jn Section IV, Chapter 2.
_ Three sources of radioactivity are the

I I
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I:lajOT contributors to the radiation above the
surface subsequent to an underwater explosion:
initial, above surface nuclear radiation; base
s-urge; and residual radioactivity deposited in the
mixed layer of the ocean. These sources are very
time dependent, and they are affected by atmo
spheric and oceanic variables.
• Even for a shallow underwater explosion
the neutron and secondary gamma portions of
the initial nuclear radiation are essentially negli
~:':, ,-r.i~ ir..itial above-surface source includes the
fission product activity contained in :he visible
column and crown, or plume. This source con
tains radioactivity ejected into the atmosphere
as a result of underwater hydrodynamic phe
nomena. The scaled depth of burst is a major
factor in determining the extent to which this
initial radiation contributes to the total above
surface exposure. The rapid development and
spread of the base surge (paragraph 2-75,
Chapter 2) causes the initial and residual radio-
activity from an underwater burst to merge into
one more or less continuous source.
_ Tne base surge develops as a result of
~underwater flow phenomena and the col-
lapse of the water m~'.Cs associated with the
initiil source. This radially expanding surge
grows to large dimensions as a dense, fog-like
aerosol carrying with it a substantial f!'action of
suspended fission products. This source is either
annular or disk.-shaped in geometry and extends
ITom the ocean surface to a height of several
thousand feet. The base surge is influenced
strongly by the wind, moving as an entity at the
existing wind speed and direction. Initially it is
highly radioactive; however, as it expands and
dilutes, the concentration of the fission products
decreases. This dispersion, coupled with rapid
radioactivity decay, results in comparatively low
~re rates by the flTSt half-hoUr after burst.
.. The residual radioactivity in the surface
liyer of the ocean is the third, and final, major
source of radiation. This radioactive pool is

moved by the local c:urrents. which depend on
the existing oceanographic conditions. The pool
is initially a disk which upon expansion approxi
mates an annulus, althQugh at times significantly
later than a half-hoUT, it reverts to an i."TCguIar
disk shape. Eventual mixing down to the top of
the thermocline: and the action of horizonu,l tur
bulent diffusion result in rapid diiution of the
pool, ~ducing its hazard as time progresses.

• The gamma radiation hazard created by
the initial source, base SUIge, and pool resulting
from an underwater nuclear explosion varies sig
nificantly with weapon yield and burst depth.
proximity of the ocean bottom to the point of
detonation. wind velocity and C:lrrent velocity.
Consequently, a description of the radiation
fields (exposure rate and total exposure) associ
ated with an underwater burst is complex, and
no simplified prediction system suitable for
general application has been developed.

• A prediction system. DAEDALUS, has
been developed to compute the rad~ological ef
fects of underwater nuclear bursts. In this sys
tem, all above-surface sources, as well as the
radioactive poo:. are approximated by ;ylinders
homogeneousl}' contaminated with mixed fis·
sion products. The dimensions, water .;oncentra
tions. and fISsion product contents of these
cylindrical sourres are estimated from empirical
a."1d theoretical considerations. Having defined
the radioactive SOl.U"ces, DA£UALUS ":a.kul,,te:;,
for each time of interest, exposure rates from
these sources at specified detector locations. At
each location the exposure rates are summed
over time and the total exposure is thus cumll

lated. In the alsence of a simple prediction
system suitable for inclusion in this manual,

,examples of the re~lts of DAEDALUS calcula
tions are presented to provide an appreciation of
the potential magnitude of the problems associ
ated with radioactivity from underwater nuclear
bursts.

I· ~
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Table 5-7. _ Examples Selected for Base Surge and Pool Exposure Rates 118
Explosion ~th of

Yield Depth Water Base Surge Pool
(tt) (ft) (ft) Figure Number Figure Number

10 65 5,000 S-46 5-52

]0 65 65 5-47 5-53

10 150 5,000 5-48 5-"4

]\I 500 5,000 5-49 5-5S
]0 1,000 5,000 5-50 5-56

]0 1,500 5,000 5-5] 5-57

~ A yield of 10 kt was selected to illus
trate the effects of depth of burst and water
depth on the time dependen~ceof the gamma ray

. exposure rates from the base surge and the pool.
Table 5-7 shows combinations of depth of burst
and water depth that were se:ected. Table 5-7
also indicates the corresponding figures that

show exposure i3tes as a function of time and

radial distance from the source for the base
surge and the pool respectively. A no-wind en
vironment was chosen for these examples, and,

in the case of the pools, a no-current environ

ment was assumed.

__ Figures 5-58 through 5-75 show the ac
cumulated exposures for two scaled depths (db
== 30W1/ 3 and db == 280W1 / 4 ), corresponding
to very shallow and deep explosions, respective
ly (Figure 2-105, Chapter 2). The doses are
shown for I, 10, and 100 kt explosions at each
scaled depth. Two minute, 10 minute, and 30
minute exposures are shown for each yield at
each scaled depth. In all cases it was assumed
that the depth of the water was 5,000 feet, the
effective wind was 15 knots. and a no-current
condition existed. Table 5-8 identifies the figure
fOf each combination of yield, burst depth, and
exposure time.

Table 5-8. 11 Examples Selected for Total Exposure _

Explosion Exposure Time
Yield Depth
(kt) (ft) 2 Minutes ]0 Minutes 30 Minutes

I 30 Fig. 5-58 Fig. 5-59 Fig. 5-60

10 65 Fig. 5-6] Fig. 5-62 Fig. 5-63

100 ]40 Fig. 5-64 Fig. 5-65 Fig. 5-66

I 280 Fig. 5-67 Fig. 5-68 Fig. 5-69

]G 500 Fig. 5-70 Fig. 5-71 Fig. 5-72

100 890 Fig. 5-73 Fig. 5-74 Fig. 5-75
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Above the Water Surface from a 10 let Explosion
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.. DOSE RECEIVED WHILE
~ING THROUGH A

NUCLEAR CU:>UD .._The radioactive nuclear cloud represents
a potential hazard to crews of aircraft that fly
through the cloud. The dose that a crew might
receive will depend upon many variables includ
ing the time after burst (which determines the
intensity of the radiation as well as the size of
the dOlld), the portion of the cloud traversed,
and the length of transit time through the cloud.

_ After stabilization, the particles that
ma",t: up the radioactive cloud will travel with
the winds as they iall, and, since the wind speed
and direction are both likely to vary with alti
tude and time, the size and shape of the cloud
can only be described by complex computer
codes that can accept temporal and spatial varia
tiens in weather data. No simple idealized shape
can describe the cloud adequately. Even during
the time of cloud rise, the winds will act on the

particles, and the cloud probably will not stabil
ize directly above ground zero; however, the
shape can be approximated roughly by a right
circular cylinder, with a stem of smaller diam
eter below it, at the time of stabilization. Fig
ures 5-76 through 5-78 show the cloud diameter.
the height of the cloud bottom, and the height
of the cloud top, respectively, as functions of
time after burst for various yields. These figures
allow approximatio;;< of the clcud dimcnsions

..

urin the first few minutes after an explosion.
. Even if the cloud geometry were known,

no sa isfactory model exists from which simple
scaling procedures could be developed to predict
the dose received while flying through the cloud.
Figure 5-79 shows estimates of the transit dose
as a function of transit time for several entry
times. These estimates were extrapolated from a
limited amount of test data. The relative hazard
for flight throufb the stem is even less certain.
but it is believf.d to be less than that from flight
through the center of the cloud.
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Problem ~'4. Calculation of Dose Received While Flying

Through a Nuclear. Cloud

~ .

•

f
•

..
_ The curves in Figure 5-79 show the total
dose received wltile passing through nuclear
clouds at various times after burst. Figures 5-76
through 5-78 provide the dimensions of the
• as a function of time after burst.

f:-:on:pte.
Gil'en: An aircraft flying at 235 knots at an

altitude of 23,000 feet passes through a nuclear
cloud from a 50 kt weapon 5 minutes after the
explosion.

Find: The probable maximum exposure of
the crew, assuming that the shielding of the air
craft structure is negligible.

Solution: From Figure 5-77, th~ height of
-the cloud bottom will be about 16,000 feet 5
minutes after a 50 kt explosion, and from Figure
5-78, the corresponding height of the cll.iud top
is 30,000 feet. Thus, the aircraft is flying at an
altitude corresponding to the vertical center of
the cloud. The maximum dose (corresponding to
maximu.n transit time) will occur if the aircraft
flies through the horizontal center of the cloud,
i.e.• if the aircraft traverses the entire diameter.
From Figure 5-76. the diameter of:i cloud from
a 50 kt explosion will be 2.7 miles at 5 minutes
"ft"p.. thp h'ITd Tn.. :>i"CTaft speed is

235 x 1.15 = 270 mph.

The transit time is

2.7
270 = 0.01 hr

; 0.6 min.

Answer: From Figure 5-79, with an entry
time of 5 minutes and a transit time of 0.6
minutes, the expected dose is 37 rads. The maxi
mum dose might be twice this value (see Reli
ability below), or

2 x 37 = 74 rads.

• Reliability. The doses obtained from
Figure 5-79 are estimated to be accurate within
a factor of 2 for flight paths that pass near the
cloud center. If the path is near the cloud
boundary, the predicted dose probably will be
higher than the actual dose, although the magni-
tude of the error is unknown. Additional uncer
tainties of unknown magnitude are introduced
by the prediction of the cloud size, but these
uncertadtties are not believed to be large for
times of entry soon after burst and for short
transit times.
• Related Material: See paragraphs 5-15
through 5-1 9.

~
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.PRECIPITATION EFFECTS.

_ As mentioned in paragraph 5-16, the sur
f2ce contamination from an air burst weapon
will be militarily insignificant in most cases. The
radioactive particles remaining from the weapon
debris are extremely small, having diameters that
range roughly between 0.01 and 20 micro
meters. The weapcn cloud carries these particles
to high altitudes, with the exact altitude being
ll"pC'!;lIC'lll UJ, LfJ<: weapon yield and atmospheric
conditions. Tilt'se particles are too small to fall,
but they can diffuse downward and can be
deposited by atmospheric turbulence processes.
In the absence of precip~tation, the deposition
process takes place over sufficiently long periods
of time that the cloud will have spread over a
large volume as a result of diffusion and the
action of winds at different levels, thereby re
ducing the particle concentration. Over this
same period of time the radioactive decay de
creases the activity levels. The ne[ result is that
dry deposition of particles from air burst weap
ons will not be militarily significant although
there may be some long-tenn effects, e.g..
thyroid exposures from radioactive iodine. If
precipitation occurs in or above the nuclear
cloud, however. there is a P9ssibility that con
tamination that could be considered militarily
significant may be deposited on the ground as a
~~C",,1t "f c"~"'''>'':;ing of the radioactive particles
by tile rain or snow. Precipitation also can affect
the fallout from a surface or subsurface burst,
but contamination is expected from these bursts
with or without precipitation. The primary ef
fect of precipitation on the contamination re
sulting from surface or subsurface bursts would
be to change the location and shape of the mili
tarily significant fallout contours. If precipita
tion scavenges and deposits that portion of the
radioactive debris from surface or subsurface
bursts that would have been delayed fallout
rather than early fallout (see Section Ill,

"RESIDUAL RADIATION," "FALLOUT").
the resulting contamination on the grounc! is not
expected to be militarily significant.

5-27 Precipitation Scavengin.

• Precipitation scavt:nging may be Ji-..idt::u
into two types: scavenging wher. tht: nuclear
cloud is within the rain cloud, usually called
rainout or snowout: and scavenging wher. l:le
nuclear cloud is belu\\' th.: r..l;;, \~(.u ..,; ..::.:; ..~.
usually called washout. Rainout is generaily con
sidered to I:>e a much more efficient form of
scavenging than washout. but there are man)'
factors that affect precipitation scavenging and
the ground contamination resulting therefrom.
These factors are discussed in the succeeding
paragraph.

5-28 Factors Affecting the Prediction of
Ground Contamination from Precipitation
Effects •

_ The prediction of the contamination pat
terns that may result from precipitation scav
enging of air burst nuclear weapons is compli
cated by many factors. Some of the important
factors are discussed below.

• The burst occurs during precipiTaTioll. If the
burst occurs durin!! he;:tvy precit"litatio:l. or if
heavy precipitation begins at the burst loca
tion during stabilization time, the pattern will
be roughly circular around ground zero, and
will be roughly the size of the nuclear cloud
(if the rain cloud extends to distances beyond
the nuclear cloud radius).

• The weapon yield. The cloud from low yield
weapons will be completely contained be
neath the rain layers; as the yield is increased,
the percentage of the nuclear cloud beneath
the raip layer decreases; at a sufficiently high

II

Change 1 5-145

II
I



i

I

1,
J

yield, :he entire stabilized cloud will be above
the rain lzyers. Specific yields will, of course,
depend upon the height of the rain layer.

• The size and shape of the nuclear cloud. If no
precipitation occurs during or very soon after
burst, the nuclear clou': will reach its stabi
lized a1titude. Tne size and shape of the radio
active cloud will depend upon the meteoro
logical conditions after the stabilization time
(~:~.; ..tz.~~J.t~oa altitudes of both the top
and oottom oi the cloud will depend on the
atmosphere within which the explosion oc
curs, and the position of the stabilized cloud
will depe!ld upon the winds that act on it
during its rise, but these effects are generally
small compared to the changes i.., cloud shape
and size after stabilization). In the absence of
precipitation or velocity shear in the wind,

.. the dominant physical phenomena responsible
for reducing the activity concentration in a
nuclear cloud is diffusion produced by turbu
lent eddies in the atmosphere. Reasonable
estimates of the diffusion in a horizontal
plane exist. Less is known about vertical dif
fusion; however, unless the vertical diffusion
causes the particles to enter a zone where the
wind speed or direction changes, it will not
affect the horizontal concentration. Changes
in wind speed and direction can have a signifi
cant effect on the size and shape of the nu
~l .. ,>.....l,..."rl ~;"~.. the particles from an air
burst are so small that they will not actually
"fall:' they will be acted on by winds within
a specific altitude layer. Frequently, several
such layers will exist within the thickness of
the cloud at stabilization, each having a dif
ferent speed and/or direction. Changes in
both speed and direction of the wind. are
likely to occur as a function of time and
space. Since most of the particles within any
one altitude layer will remain in that layer for

) long periods of time, differences in wind ve-

locity (speed and direction) between layers, as
well as changes within a layer, generally will
tend to decrease the horizontal concentration
as viewed from above (exceptions may occur,
of course, e.g., changes in direction may cause
two layer that have separated to overlap after
some time). The net result of all of the factors
acting on the nuclear cloud from a low alti
tude air burst is that it generally will tend to
increase in size horizontally without drastic
changes in the vertical dimension for rela
tively long periods of time, unless precipita
tion scavenging occurs. This increase in hori
zontal dimensions will decrease the concentra
tion of radioactive particles available for
scavenging.

• Radioactive decay. While the nuclear cloud is
drifting, the radioactive isotopes decay con
tinuously. Thus, the longer the time between
the explosion and the :;me that the nuclear
cloud encounters precipitation, the smaller
the total intensity of radiation that will be
available (see Problem 5-9 and Figure 5-40).
11lis, together with the generai decrease in
horizontal concentration described above,
reduces the potential hazard with increasing
time.

• The rain cloud size. and the type and during
of the precipitation. If the rain cloud is smal
ler than the nuclear cloud, only that portion
of the nuclear cloud that is in or below the
rain cloud will be available for scavenging
(any part of the nuclear cloud that is above
the rain cloud is not available, as discussed un
der the effects of yield above). If the rain
cloud is larger than the nuclear cloud in hori
zontal dimensions, any portion of the nuclear
cloud ~at is in or below the rain cloud will be
available for scavenging. The length of time
during which the nuclear cloud is available for
scavenging will depend on the relative direc
tions and speed of travel of the nuclear .and·

()
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rain clouds. The efficiency of the scavenging
process will depend on the debris characteris
tics, scavenging mechanisms, and the type of
ram. Heavy precipitation generally is consi
dered to be more efficient in the scavenging
process than light rainfall. Finally, strong up
drafts and downdrafts of wind are frequently
found around and within 2 rain cloud. These
vertical air motions could prevent the inter
section of the nuclear cloud and the rain
·=!-:-~~c. but under some circumstances the air
1J!0ti':ms could enchance the mixing of the
two clouds.

• The effects of precipitation on the contamina
tion once it reaches the ground. After radio
activc particles are brought to the ground by
precipitation, they mayor may not stay in
place. There is a possibility that water run-off
will create hot spots in some areas while de
creasing the activity in other areas. Some of
the radioactive particles may be leached into
the ground and, as 2 result of the attenuation
by the ground between the particle and the
ground-air surface, the dose rate above the
ground will be reduced.

• There are itO data concerning precipita
tion effects where the resulting contaminatIon
was militarily significant. Also, no computer
model has been developed that can include all of
the factors described above either on a determin
istic or a statistical basis. The results of theoreti
cal studies, field simulations, and laboratory ex
periments have, however, prO\ided some general
conclusions concerning the importance of pre
cipitation effects. First, contamination resulting
from precipitation scavenging is r!ot c0nsicier ed
to be a major problem from the standpoint of
effects on military operations. Second, weapons
may be separated into three groups according to
their relative importance with regard to precipi
tation effects: 1. weapons in the yield range
from 1 to 10 kt are most likely to have an effect
on military operations, if any such effect occurs;
2. weapons with yields greater than 10 kt and
less than about 60 kt may have some effect on
military operations, with the probability of such
an effect decreasing with increasing yield; 3.
weapons with yields greater than 60 kt or less
than 1 kt are no~ expected to have any effect on
military operations. The potential hazard may
be reduced by making use of available sheltt:r.
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